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Preface 
This thesis consists of a general introduction (Chapter One), five data 
chapters (Chapters Two - Six), and ending with a chapter which is a 
summary of those preceding data chapters (Chapter Seven). Each of the 
data chapters have been written as discrete units in order to facilitate 
subsequent publication. A list of abbreviations is provided at the end of 
this thesis along with an appendix which consists of buffer / solution 
recipes. At present, the bulk of the data presented in Chapter Three has 
been published. This publication was co-authored with Simon Barry, who 
contributed in the development of the modet and Allen Heath, who 
provided background information. Chapter Four is now in press. Chapter 
Five has recently been submitted for publication. This paper was co-
authored with Stephen Sarre who assisted with the purification of the 
mitochondrial DNA. These papers are as follows: 
Gleeson, D. M., Barry, S. C., and Heath, A. C. G. (1994). Insecticide 
resistance status of Lucilia cuprina in New Zealand using biochemical 
and toxicological techniques. Veterinary Parasitology 53 301-308. 
Gleeson, D. M. (1995). The effects on genetic variability following a recent 
colonisation event: the Australian Sheep Blowfly, Lucilia cuprina 
(Weidemann 1830) (Diptera: Calliphoridae) arrives in New Zealand. 
Molecular Ecology, in press. 
Gleeson, D. M. and Sarre, S. (1995). Cloning and characterisation of the 
mitochondrial genome of Lucilia cuprina (Weidemann, 1830) (Diptera: 
Calliphoridae). Genome, (Submitted). 
Abstract 
The colonisation of a new environment by a species has often been 
invoked as a necessary precursor for al10patric speciation to occur. The 
presumed recent colonisation of New Zealand by the Australian Sheep 
Blowfly, Lucilia cuprina provides a rare opportunity to investigate the 
genetic effects following colonisation. This species was first identified in 
New Zealand in 1988 and has subsequently spread throughout many 
sheep-farming regions. 
This study presents a variety of genetic data which address the possible 
original sources of the New Zealand L. cuprina population and the 
population genetics of this species in both New Zealand and Australia. 
These data include insecticide resistance markers, isozymes, 
mitochondrial DNA, and evidence for a fitness modifier. The resistance 
data show that diazinon resistance is widespread and at a high level 
within the New Zealand population, with no evidence for any 
susceptible alleles. Population genetic data show genetic variability at 
each polymorphic locus in terms of allele composition to be high and 
genetic differentiation varied considerably in New Zealand in 
comparison to Australia .. Temporal sampling in New Zealand suggests 
seasonal fluctuations of population size occur in the recently colonised 
region of the South Island. The intra- and inter - population 
mitochondrial DNA variability was low in both New Zealand and 
Australia, which is consistent with assumed recent bottlenecks prior to 
colonisation of each country. Evidence from analysis of the cytochrome 
oxidase region of the mitochondrial DNA and the presence of a fitness 
modifier gene supports an Australian origin. 
Possible reasons for the observed population genetics patterns within 
New Zealand are discussed in relation to the biology of L. cuprina. The 
applied aspects and future directions of this work are also discussed. 
x 
General Introduction 1 
CHAPTER ONE 
General Introduction 
This thesis investigates the genetics of an insect pest species, Lucilia 
cuprina, following the colonisation of a new environment, New Zealand. 
This chapter discusses, firstly, the main theories that have been proposed 
in relation to the genetic consequences of colonisation of a new 
environment. Secondly, the results of previous ecological studies of L. 
cuprina · are described, along with the history and economic significance 
of this species in Australia and New Zealand. Thirdly, the scope and 
objectives of this thesis are introduced. 
1.1. Genetics of colonisation 
1.1.1 Consequences and importance 
A large part of population genetics deals with the change and divergence 
of gene pools over time. At the lowest level, this may involve transient 
changes in isolated populations, which are subsequently swamped by the 
action of gene flow - migration or gametic dispersal. At its most extreme, 
population divergence may ultimately lead to permanent isolation, or 
speciation. While isolation may result from factors such as variation in 
flowering time or mating seasons (allochronic effects), the most popular 
speciation models deal with allopatric divergence. 
Allopatric speciation is generally agreed to be the principal mode of 
evolutionary divergence in most plant and animal groups (Hartl and 
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Clark, 1988). Bush (1975) identified two types of allopatric speciation 
which are distinguished by whether a founder event is involved. Type Ia 
speciation is when a species is split by a geographic barrier (ie. mountain 
range, desert, river, etc.) into one or more large subpopulations. Type Ib 
speciation is similar except that it is accompanied by a marked founder 
event. In the latter case the initial population may perhaps consist of only 
a single fertilised female, as in~erred in the speciose Hawaiian 
Drosophilidae (Carson, 1968, 1971).-
Colonisation of a new environment by an invading species usually 
results in a small number of individuals becoming geographically 
isolated from the larger parent population. If establishment of a viable 
group of colonisers is successful in the new range, subsequent expansion 
of the colonising species occurs by the subsequent founding of new 
subpopulations ie. a cascade of 'founder events'. The genetic consequence 
of such founder events is what is known as the 'founder effect' which has 
been proposed to be of importance when understanding the early 
processes that under lie allopa tric speciation (Barton and Charlesworth, 
1984). The predicted genetic consequences following a dramatic reduction 
in population size as seen in founder events are a reduction in genetic 
variability and resultant genetic divergence among founding 
populations. The effects of founder events have been implicated as the 
primary factor in evolutionary divergence (Mayr, 1963; Carson, 1967; 
Templeton, 1980). 
Random genetic drift is the chance process most often advocated as the 
cause of the observed genetic change, a theory developed by Wright 
(1931). In situations where a population is subdivided into small breeding 
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units, or if a large population is forced to pass through a size bottleneck, 
sampling errors will give rise to random loss or fixation of alleles within 
polymorphic loci that are not subject to unduly strong selection (Wright, 
1942). Similarly, the extent of genetic change following founder events is 
predicted to be highly contingent on the size of the initial founding 
population. If the founding population is large, then there may be no 
substantial loss of genetic variability (allelic diversity in this case, refer to 
1.1.2 for other interpretations) in the newly established range as there is a 
high probability of all of the genetic variants in the parental population 
being represented the founder population (Kambhampati et al., 1990). 
Alternatively, if the initial founding population is small and subsequent 
establishment in the new range results in even smaller isolated sub-
populations, random genetic drift will play an increasingly important 
role in the loss or restructuring of variation. Thus, the effects of founding 
events and subsequent genetic drift often cannot be distinguished (Barton 
and Charlesworth, 1984). 
The significance of a founder effect in terms of its impact on genetic 
structure of a population was first recognised by Mayr (1954, 1963) and 
became the cornerstone in his theory of allopatric speciation. Mayr 
emphasised that any drastic re-organisation of the gene pool is most 
easily achieved in a small founder population. However, from a strongly 
selectionist perspective, he argued that isolation alone is not sufficient to 
-
initiate speciation. If the newly invaded environment was similar to the 
previous environment, homeostatic mechanisms in a large population 
would prevent genetic divergence from the parental population. Mayr 
then suggested that speciation must involve rapid genetic change which 
is initiated by a temporary bottleneck, with the subsequent population 
I ~ 
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size remaining small for several generations thereafter. It is the genetic 
changes that occur once the population passes from one well integrated 
and stable condition through a highly unstable period followed by 
another period of balanced integration, that is referred to as a 'genetic 
revolution' (Mayr, 1963). The most recognised genetic change is the loss 
of genetic variability which Mayr attributes to a number of interacting 
factors - founding individuals represent only a subset of the species 
variability; recessive alleles have a · higher probability of becoming 
homozygous, thus being exposed to the effects of selection; many alleles 
may b~come disadvantageous with the new imbalance of the epigenotype 
or change in selective value; while the newly established population 
remains small, the effects of genetic drift would be more pronounced. 
Ma yr did concede that not every genetic change in a founder population 
is a genetic revolution and that "it requires special (genetic) constellations 
for the occurrence of more drastic genetic reorganisations". Also, not 
every founder population necessarily undergoes a dramatic change. Any 
such dramatic reorganisations of the gene pool are most likely to occur in 
a small, isolated population with the ability of the founder population to 
rapidly return to large numbers also playing an important role. 
Similar views have been propounded by Carson (1975) and Templeton 
(1980), although both propose slight modifications to Mayr's model. 
Although Carson (1975) agreed with Mayr's view that in order for 
speciation to occur events distinct from the normal processes of phyletic 
evolution must occur. Initially Carson divided the genome into "open" 
and "closed" systems, with genetic revolutions affecting only the closed 
system. The closed system includes loci regulating developmental, 
physiological and life history processes. Carson also assumed that these 
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loci, fundamental in their role in speciation, need not be numerous, in 
fact only of the order of 10's as opposed to 1000's. Carson placed more 
emphasis on the relaxation of selection pressures during repeated cycles 
of population expansion (population flush) allowing more genotypes to 
survive and reproduce than they would at other times. Templeton (1979) 
proposed a more neutral term "genetic transilience" being defined as a 
multi-locus phenomenon involving in part, non-allelic components of 
the genome selectively responding-to one another ie. the restructuring of 
co-adapted gene complexes. 
At an empirical level the link between founder events and speciation 
has been investigated in several field studies and laboratory experiments 
(Dobzhansky and Pavlovsky, 1971; Powell 1978, 1982; Arita and 
Kaneshiro, 1979; Templeton, 1980; Meffert and Bryant, 1991) primarily 
using Drosophila. In some cases, partial pre-mating isolation evolved 
between a few lines (Carson, 1971; Dobzhansky and Pavlovsky, 1971; 
Powell, 1978; Arita and Kaneshiro, 1979; Ahearn, 1980; Meffert and 
Bryant, 1991), although the evolution of new, reproductively isolated 
species was never achieved. Weinberg et al. (1992) did provide evidence 
for post-mating isolation in the polychaete worm, Nereis acuminata, 
however, this was not a controlled experiment with replicate strains. 
Therefore whether the apparent speciation was due to a founder event or 
resulted from selection in the novel laboratory environment cannot be 
distinguished. 
The most cited example associating rapid speciation with founder events 
in the field is the case of the Hawaiian Drosophilidae which consist of an 
estimated 800 species (Carson and Kaneshiro, 1976). The most widely 
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accepted hypothesis for the rapid radiation of this group is that their 
evolution has involved numerous founder events due mainly to the 
geological history and p~tchiness of the Hawaiian archipelago (Carson, 
1975). In this case there is no direct evidence for any measurable genetic 
effects in terms of the proportion of polymorphic enzyme loci and their 
average heterozygosity levels in the Hawaiian Drosophilidae lineages as 
opposed to the continental species (Carson and Johnson, 1975). However, 
DeSalle and Templeton (1988) used data from mitochondrial DNA to 
compare the rate of molecular evolution between two closely related 
Hawaii~n Drosophila lineages. Both lineages belonged to the planitibia 
subgroup but had different evolutionary histories; the beta lineage 
appears to have experienced repeated founder events while the alpha 
lineage was assumed to have arisen from a large ancestral population. 
Their results showed that the rate of molecular evolution in the beta 
lineage was three times that of the alpha lineage, which is in agreement 
with Ohta 's (1976) prediction that bottlenecks or founder effects would 
accelerate the rate of molecular evolution as compared to that observed 
in large populations. 
In summary, the general consensus between these models outlined 
above, is that founder events do playa major role in the process of 
allopatric speciation and that this may be observed as genetic change. 
What remains to be quantified is the extent and nature of genetic change 
immediately following a founder event. 
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1.1.2. Assessing genetic variability 
Protein electrophoresis is the most commonly used technique in 
estimating levels of genetic variation in a wide range of taxa (Nevo et aI. 
1984; Shaffer and Breden, 1989). From such data sets, a range of measures 
of genetic variability are commonly derived. These include: 
i) percentage of polymorphic loci - the proportion of loci examined which 
possess more than one allele. 
ii) allelic diversity - the average number of alleles present across loci at 
each population. 
iii) levels of heterozygosity - the average frequency of heterozygotes across 
loci in a population. 
iv) extent of population sub- division or structuring - estimated by a 
quantity called the fixation index (Fst) which is the reduction in 
heterozygosity of a subpopulation due to random genetic drift. 
Although these measures reflect a variety of aspects of genetic variability, 
it is important to clarify on which measurement the most emphasis 
should be placed for a given analysis. 
All components of genetic diversity are affected by establishing a new 
population with a very small number of individuals and moreover, the 
longer the population remains small, the more genetic variation will be 
lost (Nei et al. 1975). However, bottlenecks have been predicted (Nei et al. 
1975), and have shown (Leberg, 1992; McCommas and Bryant, 1990), to 
have a larger immediate effect on allelic diversity than on heterozygosity. 
Nei et al. (1975) showed theoretically that mean heterozygosity may not 
decrease significantly as a result of random sampling effects in small 
populations, unless several hundred generations pass or populations 
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remain very small, ie. less than 10 individuals. McCommas and Bryant 
(1990) using Musca domestica , generated bottlenecked lines derived from 
offspring of one, four, or 16 pairs of houseflies and followed them 
through successive founder-flush cycles. Electrophoretic variation was 
then assayed at four initially polymorphic loci. All bottleneck sizes 
exhibited significant decreases in all measures of genetic variation, 
particularly for losses in numbers of alleles. Contradictory to theoretical 
predictions, few (ie. four in this case) polymorphic loci were required to 
detect historical bottlenecks when they were severe (ie. less than 10 pairs). 
In another experimental investigation of founder events Leberg (1992) 
manipulated mosquitofish (Gambusia holbrooki) populations such that 
the number of male and female founders, the number of founder events, 
and the relatedness of the founders were varied. Following these 
manipulation experiments, levels of heterozygosity, proportions of 
polymorphic loci and numbers of alleles per locus were assessed. The 
results showed that the number of polymorphic loci and alleles per locus 
were more sensitive indicators of differences in genetic diversity between 
the post- and pre-bottlenecked populations than was heterozygosity 
measures. In fact, Leberg showed in many populations that single- and 
multiple-locus heterozygosity actually increased as a direct result of the 
founder event which caused the frequency of alleles at given loci to drift. 
Table 1.1 summarises studies which have investigated the genetic 
consequences following known colonisation events in the field. 
These studies show that there is no uniform genetic response following 
founder events. This is perhaps not too surprising given the different 
species involved, numbers of original founders and variety of different 
environmental variables involved. The genetic effects range from a 
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reduction in alleles/locus, heterozygosity and percentage of polymorphic 
loci, and higher levels of population differentiation, to having no 
significant effect on any of these parameters. Most importantly, the 
average number of alleles /locus is the most consistent indicator of a 
recent founder event; in all cases the bottlenecked populations showed a 
reduction in allelic diversity when compared to other, large populations. 
Increased genetic differentiation between sub-populations, as indicated by 
Fst, in the introduced range was observed in three of these studies (Table 
1.1). This effect is to be expected if a species has undergone sequential 
colonisation of a new area, as random sampling effects result in the 
newly established populations appearing genetically distinct ie. possessing 
a unique subset of alleles due to chance. In each of these studies, 
sequential bottlenecks following expansion of the species into the new 
range, in conjunction with random genetic drift, was argued to be the 
likely cause, promoting rapid genetic shifts either side of the parental 
population means. 
1.1.3 Current vzew 
Debate continues as to the importance of colonisation events in the role 
of speciation. Many workers, most notably Carson, (1968, 1975, 1982), 
Templeton, (1979, 1980a, 1980b, 1982) and Carson and Templeton, (1984), 
have followed Mayr (1954) in the view that a small number of initial 
founders followed by rapid genetic change are necessary prerequisites for 
allopatric speciation. 
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Effect on genetic variablity 
Reference Organism Number of individuals/ heterozygosity no. Fst value 
Taylor & 
Gorman (1975) 
Schwaegerle &. 
Schaal (1979) 
Anolis graham i 
(lizard) 
Sarracenia 
purpurea 
(pitcher plant) 
time of introduction 
100 / 1905 
1/1912 
Bryant & 
McCommas 
Musca autumnalis unknown/1952 
(face-fly) 
(1981) 
Ross (1983) Sturnus vulgaris 
(starling) 
Berlocher (1984): Rhagoletis 
completa (walnut 
husk fly) 
Baker & Moeed Acridotheres 
(1987) tris tis 
several hundred /1860-
1880 
unknown/ est. 1920 
Separate introductions, 
varying numbers, variety 
(common myna) of countries / 1862-1900 
Jansen (1987) 
Johnson (1988) 
St Louis & 
Barlow (1988) 
Boileau & 
Hebert (1992) 
Baker (1992) 
Stone & 
Littorina saxatilis 1+ / unknow n 
(m arine sn ail) 
Theba pisana 
(la nd snail) 
unknown / 1898 
Passer montanllS 20/1870 
(Eurasia n tree 
sparrow) 
Dreissena unknown / es t. 1982 
polymorpha (zebra Europe to Great Lakes 
mussel) 
Fringilla coelebs 
(chaffinch) 
Andriclls 
Great Lakes to L. Oneida 
100-400 / 1872 
unknown / 
Sunnucks (1993) quercllscalicis progression of invasion 
(cynipid gallwasp) over last 300-400 yrs 
Antrobu & Lack Primllia ve rz s unknown / unknown 
(1993) (cowslip herb) 
allelesllocus 
ns ns 
ns ns 
ns 
ns ns 
ns 
ns ns 
+ + 
ns 
ns ns 
ns 
ns 
ns 
ns 
+ 
+ 
nt 
nt 
ns 
nt 
nt 
+ 
ns 
Table 1.1. Survey of studies which describe the genetic effects following colonisation. These effects are 
indicated as follows : ns no significant effect + a significant increase - a significant decrease nt not tested 
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Barton and Charlesworth (1984), however, argue that there is no 
empirical evidence to provide strong support for founder events having 
a major role in speciation. They also show that it is impossible to separate 
the effects of isolation, environmental differences, and genetic drift from 
the effects of a population bottleneck. From these opposing viewpoints 
Baker and Moeed (1987) recognised the need for more empirical data on 
genetic changes following colonisation and that these studies need to 
have the colonisation history well defined. From Table 1.1 it can be seen 
that few studies have achieved this, even in recent times. Therefore, a 
well dos:umented colonisation event of a new environment will provide 
valuable empirical data in an area surrounded by debate. The 
colonisation of New Zealand by L. cuprina is a unique opportunity to 
address this problem. 
1.2. Status and distribution of L. cuprina. 
The Australian Sheep Blowfly, L. cuprina (Wiedemann), belongs to the 
family Calliphoridae and has been recognised as two subspecies, L. 
cuprina cuprina (Wied.) and L. cuprina dorsalis (Robineau-Desvoidy) 
(Waterhouse and Paramonov, 1950). Although both subspecies have been 
shown to interbreed readily, there are several anatomical features 
distinguishing them (Norris, 1990). The distribution of these sub-specific 
forms also differs. L. cuprina dorsalis is documented as being found in 
Africa, Australia, India (chiefly Pakistan) (Waterhouse and Paramonov, 
1950), and more recently New Zealand (Heath et al. 1991). L. cllprinn 
cllpri71a is restricted to the New World, Asia, Indonesia and Oceania 
(Norris, 1990). L. cupri71a dorsalis is the principle fly involved in flystrike 
of sheep in Australia (Mackerras & Fuller 1937; Ryan, 1954; Watts et al., 
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1976) and South Africa. It is also known to cause myiasis in other African 
countries and in India (Zumpt, 1965). Throughout this thesis the use of 
the specific name, L. cuprina, will refer to L. cuprina dorsalis R.-D unless 
otherwise stated. 
1.3. Life History 
L. cuprina belongs to one of the few genera of Calliphoridae where the 
larvae live on the tissue of living vertebrates, causing a condition known 
as myiasis (Zumpt, 1965). In common with other calliphorids L. cuprina 
shares a life cycle which involves several stages (egg, larvae, post-feeding 
larvae, pupa, adult) with each stage facing a different set of 
environmental conditions. 
Eggs are deposited on either carrion or live sheep where the fleece has 
become wet. Under optimal conditions (100% RH and 37.50 C ) 
development to hatching takes 7.3h (Vogt and Woodburn, 1979). Studies 
have shown that adult female L. cuprina show a distinct preference for 
ovipositing in damp cavities in fleece where temperature and RH 
approaches optimal conditions, increasing the probability of egg survival 
(Rogoff and Barton Browne, 1958; Barton Browne, 1962). The larvae pass 
through three instars, with the first instar being the most vulnerable to 
desiccation and lack of suitable food source. Once established the maggots 
feed and moult twice to reach third instar where they complete the 
feeding stage and drop off the sheep . This occurs w i thin three to four days 
of hatching. 
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Post-feeding "larvae respond negatively to light and usually burrow into 
the soil, at depths ranging from 1-10 cm, upon exodus of the host (Cole 
pers. comm.). It is at this stage that development may cease and 
hibernation occur depending on soil temperature (MacKerras, 1933). Post-
feeding larvae can tolerate prolonged exposure to low temperatures, with 
some surviving for more than three months at goC. Therefore, post-
feeding larvae may remain in the soil for varying periods of time prior to 
pupation. However, survival declines with increased time of exposure. 
Pupation under optimal conditions is completed within two to three days 
of entering the soil. 
The adult flies emerge during the early morning, between midnight and 
0900hr, with males predominantly emerging first. Adult flies require 
water and carbohydrate for survival with females requiring in addition, 
an ingestion of protein- rich material in order to mature their ovaries. 
Females become fully receptive to mating attempts within 24 hours of 
taking the protein meal (Barton Browne et al., 1976). Very few females 
remate even when there is an excess of males present while males can 
inseminate as many as 10 females in a lifetime (Barton Browne, 1958). 
1.4. Flystrike 
Flystrike is a condition produced by the developl1].ent of blowfly maggots 
on living sheep and L. cuprina is one of only a few species which can 
initiate this condition. Such species are known as 'primary-strike' flies 
after which there follows a succession of other blowfly species as well as 
bacterial infection. Therefore, numerous pathological consequences 
follow the initiation of flystrike. Firstly, there is the direct mechanical 
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damage caused by the feeding activity of the maggots, resulting in the 
skin showing effects varying from slight redness and weeping, up to an 
inflamed and ulcerated state. In conjunction with the damage caused by 
the maggots is the infection of the wound by bacteria, which adds to the 
release of toxic products into the circulatory system, often with fatal 
results. Over the area of the wound the wool fibres either break or can be 
removed from their follicles, often leaving these areas exposed. If the 
strike is prolonged, the larvae may penetrate into the superficial muscle 
layer and occasionally into the body cavity which is fatal for the host. 
The history of flystrike prevalence is relatively long with the first 
recording in 1749 in Ireland (Carpenter, 1902). It seems that whatever part 
of the world the wool industry has become established, the problem of 
blowfly strike eventually appears, with the extent and severity heavily 
reliant on the species involved. 
1.5. Flystrike and L. cuprina in Australia 
1.5.1. History and Prevalence 
In Australia, the first record of strike on the mainland was from 
Queensland in 1883 (Cory and Jarvis, 1913) and by 1915 had become a 
major problem of the sheep industry and in the 1920's extensive studies 
were carried out on the flystrike problem and it was discovered that L. 
cuprina was by far the most important species involved (Tillyard and 
Seddon, 1933). Prior to this, the strike species involved was not correctly 
identified, which has meant that the history of L. cuprina in Australia is 
not well documented. However, collection material in Australia contains 
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no L. cuprina specimens dated earlier than 1912, other than a specimen 
assumed to have been collected in south-western Australia between 1864 
and 1867 (Norris, 1990). The origin of L. cuprina in Australia is 
hypothesised as South Africa by Norris (1990) as many shiploads of sheep 
from South Africa frequented King George Sound either to unload stock 
or as the first stop-over point on a voyage. Norris (1990) also states that it 
is quite probable L. cuprina cuprina was introduced repeatedly into 
eastern Australia from a variety of Pacific regions. Therefore, the origin of 
L. cuprina in Australia is still speculative with only the estimated time of 
introdlJ..ction relatively accurate, being based on collection material. 
1.5.2. Insecticide Resistance 
It was inevitable that insecticide use would become widespread once 
chemicals became available to combat this disease. It was also almost 
inevitable that under intense systematic control L. cllpril1a would 
develop resistance to the compounds used. 
Organochlorines were the first major class ·of insecticides. used, with the 
most effective being the introduction of dieldrin and aldrin in 1955 and 
1956 respectively. Late in 1957, resistance was observed and by 1958 this 
resistance became widely established throughout Australia. This 
development of resistance led soon after to the abandonment of dieldrin 
and aldrin and the replacement in 1957 with organo-phosphorus (OP) 
based compounds (Shanahan, 1961, 1965; Shanahan and Roxburgh, 1974). 
OP resistance took slightly longer to develop than dieldrin/ aldrin 
resistance, being first observed in 1965. Soon after, it was found 
throughout NeV\ South Wales and Queensland. 
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The genetic basis to organophosphate resistance in Australia has 
subsequently been well documented (Arnold and Whitten, 1976; 
Shanahan, 1979). McKenzie et ale (1980) showed that diazinon resistance 
in field populations is mainly due in recent times to an RIA allele of the 
Rop-l locus on chromosome 4. Surveys indicate 'a good deal of cross-
resistance to other OP's is also conferred by this diazinon resistance gene 
(Hughes, 1981). Hughes and Raftos (1985) and Parker et ale (1991) have 
more recently described a microsomal esterase, E3, an allele of which is 
associat.ed with resistance. ' 
1.6. Flystrike and L. cuprina in New Zealand 
Flystrike in New Zealand has been apparent since the 1870's. This 
disease, however, only became serious enough to warrant attention in 
the 1920's. It was then that scientific surveys found the primary species 
involved were L. sericata and Calliphora stygia. Until 1980, flystrike in 
New Zealand was a regularly occurring disease, of seasonal concern, but 
only of temporary significance to farmers (Heath et al. 1989). However, 
from 1982 onwards there was a change in prevalence and severity of 
flystrike which could be attributed to several factors including a gradual 
increase of the mean air temperature in New Zealand by 2oC, downturn 
in farmer's income resulting in relaxed control measures and, in 1988, L. 
cuprina was described for the first time (Heath et al. 1989). 
The first identification of L. cllprina in New Zealand was from Paparoa, 
orthland, in April 1988 (Holloway, 1991). Maggot samples that were 
received during the 19 - 9 flystrike season confirmed the presence of 
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this species throughout most of the North Island sheep-farming regions. 
The first records in the South Island were made between February - May 
in 1990. Since the first recording of L. cuprina in the South Island its 
progress southwards has been tracked through either trapping or strike 
samples being sent for identification. The southern range of L. cuprina 
has recently extended to the Ashburton (43.545, 171.46E) (February 1994), 
the most southerly collection of this species reported. 
Estimation of the exact time of arrival and origin of L. cuprinti in New 
Zealanq has been speculative and even less well documented than that of 
Australia. After the first formal identification in 1988 and confirmation of 
L. cuprina ' s presence, preserved collection material was then investigated 
more closely . This found L. cuprina to be present since at least the early 
1980's which was as far back as the collections were made. Therefore, it is 
probable that the presence of L. cuprina in New Zealand could have gone 
unnoticed for some time. 
The sour<;:e of the New Zealand population of L. cuprina has been 
assumed to be Australia due to regular stock movement between 
Australia and New Zealand. However, there have been in the past, 
several intercepts at international ports of viable pupae from a wide 
variety of sources. These have been as follows: 1971 in dried fish from 
Hong Kong; 1979 in dried fish from Fiji; 1988 on antelope skin from 
Ethiopia; 1990 in shearing gear from Australia; 19'92 in dried mushroom 
and quid from China; 1993 in dried fish from Hong Kong. Upon formal 
identification it was found that the Asian derived material (3 specimens) 
and that from Fiji (1 specimen) consisted of the sub-species common to 
tho e regions, L. cllprina cuprina whereas the Ethiopian and Australian 
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material consisted of the sub-species L. cuprina dorsalis (Dallas Bishop 
pers. comm). 
Given that, in most cases, less than 50% of quarantine material is 
intercepted (Young, pers. comm.), these examples may be indicative of 
multiple introductions from multiple origins. However, given that the 
intercept material consisted mostly of one or two viable pupae, it seems 
unlikely that introductions on this scale could establish a viable 
population. Also, formal identification of New Zealand specimens has 
only ever been that of the subspecies L. cuprina dorsalis. 
1.7 Lucilia in Australia and New Zealand 
Prior to the arrival of L. cuprina in New Zealand, early studies showed 
the common green blowfly, L. sericata (Meigen), and the brown blowfly, 
Calliphora stygia (Fabricius), both contributed to the majority of cases of 
flystrike (Miller, 1939). This was confirmed in a study of the 1984-1985 
season where three species of blowfly were involved and the overall 
participation (multi- and single-species strikes considered together) was 
74.6 % L. sericata, 68.2% C. stygia and 3.2% Chrysomya rufifacies (Heath 
and Bishop, 1986). The situation in Australia was in contrast, where L. 
cuprina has always been the most important species, being involved in 
90% of fly-strike cases (Vogt and Woodburn, 1979). 
Following the arrival of L. cuprina, its prevalence in flystrike samples 
had progressed from a 20% representation to over 60% in the period of 2 
years (Heath et al. 1991b). These data are evidence for a dramatic change 
in composition of calliphorid blowfly populations in recent years in New 
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Zealand, which then instigated interest in the habitat distribution of this 
speCIes. 
The habitat preferences of the two Lucilia species have been shown to be 
quite distinct in Australia (Waterhouse and Paramonov, 1950; Gilmour et 
al., 1946) as it is not common to find both species together in large 
numbers. Although the distribution of L. cuprina in Australia has been 
correlated with the presences of sheep susceptible to blowfly strike 
(Waterhouse 1947; Foster et al. 1975) it has been shown that this species 
can be found breeding in rubbish tips bf north-eastern Australia (Norris 
1959). More recently L. cuprina has been consistently collected from 
rubbish tips adjacent sheep areas of north-eastern New South Wales 
(McKenzie, 1984). Also, Rice (1986) found L. cuprina was the major 
rubbish fly in urban Brisbane over summer months. In contrast, during a 
survey of habitat preferences in Western Australia by Hardie (1984),L. 
cuprina was never recorded at rural rubbish tips where, instead, L. 
sericata was the predominant fly. Therefore, habitat demarcation is not 
entirely rigid within Australia. 
A study by Dymock and Forgie (1993) investigated habitat preferences of 
species of calliphorids involved in fly strike of sheep in the northern 
North Island region of New Zealand. This study showed that L. cuprina 
rarely inhabited rural rubbish tips (0.3%) and was found in only 5 out of 
99 vertebrate carcases found in rural areas over a -period of 8 months. This 
was an indication that L. cuprina is primarily restricted to sheep farming 
habitats in New Zealand, whether through competition by other species 
or having a distinct preference for those habitats. However, this study was 
restricted to only a small region within the range of L. cuprina and 
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evidence from Australian studies, as previously outlined, suggests that 
there is non-uniformity of habitat demarcation within Australia. 
Therefore, a further survey is still required to determine if this pa ttem 
occurs in other regions. 
The distribution of L. cuprina within the sheep farming regions of New 
Zealand also requires clarification. In Australia there is evidence for low 
dispersal from the breeding site under favourable habitat conditions. Flies 
released as pupae within a favourable habitat only spread 1.2 km in 48 
hours ~nd 1.6 km in 9 days, with most remaining within lkm of the 
emergence site (Foster et al. 1975). The tendency for low d ispersal in areas 
of favourable habitat in Australia requires verification within the New 
Zealand environment. 
The major difference between Australia and New Zealand is the 
abundance of L. cupril1a in comparison to other species when surveyed 
via trapping. In the Australian study of Waterhouse and Paramonov 
(1950), 94% of flies trapped, in the preferred environment of open dry 
pasture land, were L. cupril1a. This is in contrast to New Zealand where 
the initial survey by Dymock and Forgie (1993) showed that only 1.80/0 of 
flies trapped were this species. This could be a reflection on the different 
environment encountered in Nev\' Zealand, with increased competition 
from other species resulting in low numbers being trapped. There has 
also been the suggestion that L. cupril1a is not a p-articularly 'trap-able ' fly 
in comparison to other specie and that the absolute number needs to be 
extremely high in order to trap this species in significant numbers as, 
from the strike ample surveys, this species is obviously abundant 
enough to cause significant problems. In Australia Vogt and Woodburn 
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(1983) showed that up to 500 L. cuprina a day could be trapped using an 
offal and sodium sulphide bait, but this may be due to high abundance of 
L. cuprina in favourable environments in Australia. Also, in New 
Zealand, it is assumed that L. cuprina is in a transitional stage in the 
invasion of habitats and that in fact other habitats may indeed have the 
potential to act as breeding refuges once the overall population increases 
(Dymock and Forgie, 1993). 
Clearly the change in environment faced by L. cuprina in New Zealand 
must b~ taken into account when describing the effects of colonisation. 
1.8 Scope of this study 
This chapter has so far discussed the importance of colonisation and has 
described the history and significance of the pest species L. cuprirza in both 
Australia and New Zealand. It is proposed to describe the effects on 
genetic variability following the recent colonisation of New Zealand 
using Australian material as a comparison, due to the longer history of 
establishment of L. cuprina in this country. This study also addresses the 
possible source of the New Zealand L. cuprina population, as well as the 
estimated time of introduction, using a variety of geneti'cally based 
techniques. 
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CHAPTER TWO 
Collection strategy and distribution f L. cuprina 
2.1 Introduction 
The aims of this chapter are to: 
1) Outline the sampling 'strategy employed in obtaining collections of 
L. cuprina from 1991-1994 that are representative of its range in 
New Zealand. The collection of Australian material is also 
described. 
2) Determine the preferential aggregation points of L. cuprina in the 
field in New Zealand, specifically whether rubbish tips in rural 
areas are acting as breeding sources or refuges. 
3) Assess the overall distribution of L. cuprina within a sheep 
farming region. Unbiased sampling was important for the 
population genetics sections of this thesis. 
2.2 Methods and Materials 
2.2.1 Sample collections 
The material used in the subsequent data chapters was collected as 
follows: 
Larvae were derived from multiple sheep body-strike samples at forty-
two sites throughout the range of L. cuprina in New Zealand and at nine 
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sites from Australia. These samples were sent by farmers participating in 
a survey for AgResearch, Wellington, New Zealand or the New South 
Wales Department of Agriculture, Australia, respectively. The larvae 
were then reared through to adults in the laboratory for identification 
purposes. This was necessary as, in New Zealand, strikes may involve 
multiple species including the sibling species L. sericata which cannot be 
reliably distinguished from L. cuprina at the larval stage. Samples 
containing more than 60 females of L. cuprina were subsequently reared 
through to the next generation, at which point the pupae were shipped 
for analysis. Seven New Zealand sites were sampled for two consecutive 
years and four for three consecutive years. 
A duplicate sample was also trapped from one field site (Flockhouse, 
NZ), using the method described in 2.2.2. At the same time a strike 
sample was collected to ascertain whether there was any genetic 
difference between samples from sheep as opposed to those trapped 
directly from the environment. 
The location of the sample sites from New Zealand and Australia are 
shown in Figure 2.1. 
2.2.2 Habitat and distribution sampling 
Adult blowflies were trapped using a modified Western Australian trap 
(Vogt and Haverstein, 1974) that was painted yellQw and placed 10 cm 
above the ground. The bait used in these traps was a mixture of 100g 
blended ox liver and 100ml of 1.5% sodium sulphide. The duration of 
trapping in each case was 24 hours. The location of all sample sites and 
number of both Lucilia species trapped are summarised in Table 2.1. 
Eight traps were placed randomly (covering the entire area) at each of the 
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four rural tips surveyed during the flystrike season in 1992 in order to 
indicate the habitat preferences. 
The rural tips were adjacent to sheep farming areas where L. cuprina had 
been reported to be involved in flystrike at the time of trapping. 
To determine the distribution of L. cuprina within the sheep farming 
environment, traps were placed in paddocks where sheep were grazed at 
five farms in the Wairarapa region in 1994. Traps were also placed at 
intervals of 2 - 5 km between these farms. The Wairarapa region was 
chosen because of its high proportion of sheep farms and its relatively 
flat topography in comparison with other sheep farming regions of New 
Zealand. It thus possessed no obvious geographic barriers to blowfly 
movement. A map of this region and locality of traps (numbered 1-12) is 
shown in Fig 2.2 and the numbers of the two Lucilia species caught in 
these traps are summarised in Table 2.1. 
2.3 Results and Discussion 
The result of the habitat trapping survey showed that only 2 individuals 
of L. cuprina in total were collected at four rural rubbish tips compared 
with 2679 L. sericata. In the distribution survey, L. cuprina were only 
trapped when in direct proximity with sheep on the farms surveyed and 
unlike L. sericata, were never trapped between these farms. 
Not unexpectantly, these results from both the habitat and distribution 
surveys clearly show that L. cuprina has a distinct preference for areas 
where there are susceptible sheep. Although only four rural rubbish tips 
were surveyed, the locations of these tips ranged from Northland to the 
lower North Island. The cases in Australia where L. cuprina was reported 
as the dominant blowfly inhabiting rubbish tips appear in the absence of 
I 
I· 
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No. trapped 
Survey Site Location Date L. cuprina L. sericata 
Habitat 
Rural Tips 
Whiford 36.54 S 174.60E 7/1/92 1 1234 
Tuakau 37.15S 174.58E 7/1/92 1 546 
Access Hill 36.08S 174.02E 2/1/92 0 178 
Masterton 40.57S 175.39E 10/1/92 0 721 
Distribution 
Sheep farm region 
de Ridder (1) 41.03S 175.22E 12/3/94 15 23 
2km (2) ref. fig. 2.2 " 0 32 
Lundie (3) " " 12 28 
5km (4) " " 0 12 
2km (5) " " 0 10 
5km (6) " " 0 17 
2km (7) " " 0 14 
Snow (8) " " 18 27 
2km (9) " " 0 10 
Campbell (10) " " 27 33 
2km (11) " " 0 19 
Moorhead (12) " " 14 46 
Table 2.1. Numbers of L. cuprina and L. sericata trapped in rural rubbish 
tips and in the Wairarapa sheep farming region. Location of trap sites are 
given in Figure 2.2. 
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• Snow(8) Moorhead 
Campbell (12) 
State Highway 2 ~ 
(6)-
(7) 
• 
Carterton 
.(9) .(10) 
• (11) 
(5) • Predominantly sheep farming 
(some cattle) 
(4)e Orchards 
Grey town 
de Ridder (2) . 
(1) --~---
Fig. 2.2. Map of the Waiararapa region where trapping was carried 
out to determine distribution of L. cuprina within a predominantly 
sheep farming habitat. 
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L. sericata . L. sericata in Australia is dominant in cool, humid and 
vegetated conditions as opposed to the hot, dry, open country which is 
preferred by L. cuprina (Waterhouse and Pararnonov, 1950). 
The sheep farms used in the distribution survey showed consistent 
strike of sheep by L. cuprina in previous years. Traps in these cases were 
placed in paddocks where sheep were grazing. Wardhaugh et al. (1984) 
showed that L. cuprina was always-more abundant in the paddock that 
was being grazed by sheep. Even within that paddock, the spatial 
distribution of L. cuprina was highly clumped and closely associated with 
habitats where sheep spent the majority of their time. The traps which 
were placed between the farms were still within sheep farming regions 
but placed indiscriminately ie. whether sheep were nearby or not. These 
traps yielded no L. cuprina but consistently trapped L. sericata. This is 
then added support for the data collected by Dymock and Forgie (1993) 
and is in concordance with Australian studies which have consistently 
shown the strong preference L. cuprina has for sheep habitats 
(Waterhouse and Paramonov, 1950; Wardhaugh et aI. 1984) as well as its 
low tendency for dispersal when the surrounding environment is 
favourable in terms of breeding sites (Foster et aI. 1975). It also appears 
that there is variability between sheep farms in terms of the presence of 
L. cuprina. Some of the traps placed in the transects between the targeted 
farms in this survey were adjacent to grazing sheep although they also 
-
yielded no L. cuprina. This could be attributed to variation in sheep 
farming practices and the use of preventative measures such as 
crutching. 
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The collection strategy employed in obtaining samples for analysis in the 
subsequent population genetics sections of this thesis appears to be the 
most suitable for two reasons: 
i) consistent samples can be made from given regions 
ii) evidence from the trapping survey and other studies, indicates that L. 
cuprina is not found in other habitats in New Zealand thus the genetic 
variability scored will be representative of the whole population. 
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Figure 2.1. Map showing the localites of sample sites 
from New Zealand and Australia. Numbers in bold 
indicate which chapter the samples were used. 
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CHAPTER THREE 
The Insecticide Resistance Status of Lucilia cuprina in New 
Zealand 
3.1. Introduction 
LuciIia cuprina, has become the most significant contributor to flystrike of 
sheep in New Zealand, since its presumed arrival there in the late 1970's 
(Heath, 1990; Heath et aI., 1991a). An estimated $37 million loss per annum 
to the New Zealand Sheep Industry and an apparent doubling in flystrike 
prevalence can be mainly attributed to the arrival of this pest (Heath, 1990). 
Diazinon was one of the earliest organophosphates (OP's) used in New 
Zealand against flystrike and has been successful in controlling the 
previously predominant strike flies, Lucilia sericata (Meigen), Calliphora 
stygia (Fabricius) and Chrysomya ruJifacies (Macquart). However, in recent 
years and seemingly coincidental with the arrival of L. cuprina, it has been 
found that many farmers are only achieving about half the period of 
protection with some OP insecticides that they had come to expect (Heath et 
al., 1991b). This was an early indication that L. cuprina in New Zealand is 
resistant to diazinon and that the situation could well parallel that of 
Australia. 
It was therefore important to determine the level of resistance of L.cuprina 
to the commonly used OP compound, diazinon, for two main reasons: 
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i) Knowledge of resistance status of L. cuprina in New Zealand would 
be of importance for future pest management programs. More specifically, 
if any resistance mechanism was shown to be the same as that found in 
Australian flies, the wealth of information available on the genetic, 
biochemical and molecular basis of insecticide resistance in that country 
could then be applied when considering effective management practises, 
synergists and alternative compounds for New Zealand. 
ii) The determination of the resistance mechanism, along with the 
frequency and variability of any op- based insecticide resistance, would be 
an extremely valuable marker in determining the origin and subsequent 
dispersal of L. cuprina in New Zealand. Specifically, if the resistance profile 
of New Zealand flies closely follows that of Australian populations an 
Australian origin would seem likely. 
The genetic basis of diazinon resistance in Australian populations of 
L.cuprina has been well documented (Arnold and Whitten, 1976; Shanahan, 
1979). In those early studies, two genes appeared to be involved in general 
OP resistance, Rop-1 and Rop-2, with Rop-1 conferring the highest level of 
resistance in both adults and larvae (Arnold and Whitten, 1976). McKenzie 
et al. (1980) went on to show that diazinon resistance in field populations is 
mainly due to the RIA allele of the Rop-1locus on chromosome 4. Surveys 
indicate that the diazinon resistance gene may be responsible for conferring 
resistance to some other OP's used in blowfly control, such as parathion, 
fenitrothion, chlorfenvinphos and fenitro-oxon (Hughes, 1981). The use of 
synergists (PBO: an inhibitor of mixed function oxidases and TBTP: an 
esterase inhibitor) in a study by Hughes (1982) indicated that Rop-1 was 
probably an esterase, due to evidence that esterase activity played the most 
important role in resistance. More recently, Hughes and Raftos (1985) and 
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Parker et ale (1991) have described a microsomal esterase, E3, an allele of 
which is associated with OP-resistance in L. cuprina. When found in 
susceptible blowflies, E3 hydrolyses 1- and 2- naphthyl acetate substrates 
and is therefore visible on a native polyacrylamide gel electrophoresis 
(PAGE) system thus referred to as "E3 staining" . In Rop-l blowflies, 
however, no bands are present at the position usually associated with E3, 
suggesting that there is a muta~on which simultaneously renders E3 unable 
to hydrolyse 1- and 2- naphthyl acetate, "E3 non-staining", but instead able 
to hydrolyse diazinon. This association was found to be prevalent in field 
strains examined using the electrophoresis system previously described, 
and toxicity testing (Hughes and Raftos, 1985). It was found that in 19 field 
strains, the proportion of flies either homozygous or heterozygous for E3 
non-staining is 0.97, which agrees well with the estimate of 0.967 obtained 
using a discriminating dose that should kill only susceptibles. Thus it 
appears that the E3 electrophoretic marker is a useful assay for estimating 
the prevalence of Rop-l type resistance in adults from the field . 
In this chapter the resistance status of L.cuprina in New Zealand is 
investigated. The extent of insecticide resistance is estimated using 
dose/mortality data collected from field strains sampled throughout the 
range of L. cuprina in the 1991 / 1992 season. Then, in order to determine 
whether there is variation in resistance levels, the response to topical 
applications of diazinon within iso-female lines derived from four sites is 
tested. Subsequently, the native - PAGE E3 assay is used to ascertain 
whether the same association between the E3 staining and E3 non-staining 
phenotypes and resistance described from Australian populations is also 
observed in New Zealand. 
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3.2. Methods and Materials 
3.2.1 Strains used: 
Labora tory strains: 
LS2: insecticide-susceptible laboratory strain (E3 staining); 
Q4: diazinon-resistant lab<?ratory strain (E3 non-staining); 
Both strains were derived from Australian field strains and 
maintained without exposure to diazinon. Both strains have been made 
homozygous for chromosome 4 (Parker et al. 1991). 
Field strains: larvae were derived from strike samples collected from 
27 farms (sites) throughout the range of L.cuprina in New Zealand 
during 1991/1992 (Figure 2.2). The collection sites and details of 
collection methods are described in Chapter Two (2.2.1). Adult flies 
were used for the following assays with their age given as days since 
eclosiori. 
The procedure used in the rearing of laboratory and field strains is that of 
Foster and Weller (1993). 
3.2.2 Toxicity Testing 
Two methods of toxicological testing were employed to determine the 
extent and level of insecticide resistance of L. cuprina in New Zealand: 
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3.2.2.1 Extent of resistance. This was investigated using a dose of diazinon 
which, in Australia, is found to discriminate between flies carrying the 
resistance allele and those which are susceptible. Specifically homozygous 
resistant (RR) and heterozygous (RS) individuals cannot be distinguished 
from each other but both can be distinguished from homozygous 
susceptibles (SS) (Hughes, 1982). The dose used was 85ng diazinon/ adult 
female fly, administered as an 0.017% solution of diazinon in kerosene. This 
dose was applied via a micro-applicator which delivered 0.5J1l of solution to 
the upper thorax of 3-6 day old females, as described by Shanahan (1966). 
Females. were used to ensure consistency in size of flies treated. Flies were 
maintained in batches of 20 individuals at 24°C with a ready supply of 
sugar and water during the post-treatment phase. Mortality was scored 
24hr later. Eighteen sites were tested in this survey. At two sites (Levin and 
Te Kuiti) more than one farm was tested within each site, and at one site, 
Flockhouse, samples were taken at weekly intervals for one month in order 
to assess variability between fly generations. The numbers of flies used and 
site names are given in Table 3.1. 
3.2.2.2. Level of resistance. This was investigated at 11 sites (Table 3.2) 
where topical applications of a range of concentrations of diazinon (0.005, 
0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08 %) were applied as described 
previously. Twenty females were used per concentration and a kerosene 
control for each site was also used. 
3.2.2.3. Variability in resistance. Flies from four dispersed sites (Dargaville, 
Wanganui, Masterton and Blenheim) were chosen for investigation of the 
level of genetic variability both within and between sites. From adult flies, 
iso-female lines were derived by setting up crosses between a single female 
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and two males (ten lines were derived from Wanganui and Blenheim; 9 
lines from Dargaville and Masterton ). Frs derived from these crosses were 
then reared through to adults, then each line was interbreed for another 
generation to produce the full range of possible genotypes. Toxicity testing 
was carried out using the procedure described in 3.2.2.2 to determine the 
level of resistance, with each iso-female line tested independently. 
3.2.3 Data analysis: 
A non-parametric ANOV A was used to determine if there were any within 
site significant differences for results from the discriminating dose 
experiment of 3.2.2.1. The laboratory resistant strain, Q4 was also included. 
If no variation was found, all lines could then be pooled and a G-test for 
homogeneity used to test for any significant difference between the 
mortality which was observed and that of the kerosene control. 
LD50 values from the dose / mortality data generated from 3.2.2.2 and 
3.2.2.3 were estimated using the "Proc Probit" procedure of the SAS 
computer programme (SAS Institute Inc., 1985). Resistance factors (R.F. 's) 
were obtained by dividing the LD50 estimated for each of the iso-female 
lines by the LD50 estimated for LS2. The data from the iso-female lines were 
also analysed using a generalised linear model assuming a probit link and 
binomial variation. This model was used to analys~ the pattern of variation 
between the sites, and the variation among iso-female lines within the sites. 
The model was fitted using maximum likelihood method in the SPlus 
statistical package, version 3.0 (Statistical Sciences, Inc., 1991). The 
Significance of terms V\ as assessed using standard analysis of deviance 
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techniques (McCullagh and NeIder, 1989). The adequacy of the model was 
checked by examining the residual plots from the fit. 
The full model was: 
probit (expected response) = 
interaction 
mean effect + 
dose effect + 
site effect + 
iso-female line within site effect + 
dose: site interaction + 
dose: iso-female line within site 
The graphs of the expected response were derived as follows. The iso-
female lines on probit scale were found from the estimated coefficients. This 
was then transformed using the universe probit function to the dose scale. 
3.2.4 Electrophoresis: 
To determine whether the association between E3 and insecticide resistance 
was the same in New Zealand as in Australia, thirty individuals from each 
of the sites used in the toxicity testing assays were scored for E3 staining 
and E3 non-staining using the discontinuous native_polyacrylamide gel 
electrophoresis (PAGE) system of Hughes and Raftos (1985) and Parker et al. 
(1991). The laboratory susceptible strain, LS2, was used on each gel as a 
control for the E3 staining phenotype. Thirty 4-6 day old flies from each site 
were individually homogenised in 100~1 of ice-cold distilled H20 then 
centrifuged at 1000g for 30secs. From each homogenate, an aliquot of 10~1 
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was vortexed with an equal volume of ice-cold O.OlM phosphate buffer (pH 
7.0) containing EDTA (lmM), Triton X-100 (0.5% w Iv) and sucrose (20% 
w Iv) (Hughes and Raftos, 1985). This homogenate (5JlI)was loaded into 
each well (25 wells I gel) of the BioRad Protean II xi System. Electrophoresis 
was carried out at 25W I gel for 4h at 4oC. The stain solution consisted of 
50mg of both 1- and 2-naphthyl acetate dissolved in 1ml of AR acetone and 
100mg of Fast Blue BB to 200ml .of O.lM phosphate buffer, pH 6.8. This stain 
mixture is adequate for two 16cm x 16cm x 1.5rnm gels. 
3.3. Results 
The results for the initial investigation of the extent of insecticide resistance 
using the discriminating dose assay are given in Table 3.1. Firstly, no 
significant difference was observed within sites Flockhouse, Levin and Te-
Kuiti or between sites including Q4 (excluding LS2 and Control) using a 
non-parametric ANOVA (p<0.05). These lines were then pooled and 
compared against the Control (kerosene only) which again showed no 
significant difference (p<0.05). This indicates resistance is present and at 
similar frequency in the field at all sites sampled. It also implies that the 
populations are fixed for the resistance allele, since no variation was found 
among the iso-female lines. Congruence with the control population 
indicates that any mortality observed can be attributed to natural attrition. 
The LD50 values obtained from testing the range of concentrations of 
diazinon on lines from 11 sites are given in Table 3.2. None of these LD50 
values was found to be significantly different from that for the resistant 
strain, Q4. This result shows that resistance occurs at a high level, indicating 
a high frequency of a resistance conferring allele(s) in New Zealand. 
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Table 3.1. Results of discriminating dose experiment to determine the extent 
of insecticide resistance of L. cuprina in New Zealand. 
Site locality Sample name No. treated No. dead % mortality 
Bombay Derrick 110 4 3.64 
Blenheim Simmons 119 1 0.84 
Cheviot Smyth 117 5 4.27 
Dargaville Grant 120 6 5.00 
Fielding Sommerville 115 5 4.35 
Flockhouse 08.02.91 100 5 5.00 
" 11.02.91 100 4 4.00 
" 21.02.91 100 4 4.00 
" 27.02.91 100 2 2.00 
Hamilton McCool 106 2 1.87 
Kaikoura 119 2 1.68 
Kihikihi Garrick 100 5 5.00 
Levin Anderson 100 2 2.00 
" Gimblett 120 5 4.17 
" Poulton 96 4 4.17 
Masterton Moorhead 106 2 1.87 
N ew 
Plymouth Cocksedge 105 5 4.76 
Paerata Insley 110 4 3.64 
Takapau Simpson 106 4 3.77 
Taumaranui Maunder 118 2 1.69 
Te Kuiti Lynch 117 5 4.27 
Andrew 110 4 3.64 
Wairoa Purvis 111 3 2.70 
Wanganui Taylor 108 7 6.48 
LS2 Lab strain 100 100 100 
Q4 Lab strain 100 4 4.00 
Control 100 5 5.00 
Table 3.2. LD50 values L. cuprina adults collected from a range of sites 
within New Zealand. 
Site LD50 value Fiducial Limits Resistance Factor 
Takapau 0.052 0.0021-0.0006 9.5 
Hastings 0.053 0.0033-0.0012 9.6 
Flockhouse 0.037 0.0043-0.0033 6.7 
Kam a 0.049 0.0042-0.0044 8.7 
Kaikohe 0.042 0.0054-0.0047 7.6 
Wanganui 0.038 0.0042-0.0040 6.9 
Waip awa 0.037 0.0038-0.0031 6.7 
Masterton 0.024 0.0037-0.0028 4.7 
Kihikihi 0.029 0.0036-0.0048 5.3 
Raglan 0.046 0.0045-0.0034 8.7 
Palmers ton North 0.041 0.0086-00.72 7.5 
Q4 0.057 0.0062-0.0044 10.4 
LS2 0.005 0.0024-0.0018 
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Table 3.3. LD50 values of each iso-female line derived from four sites 
collected within New Zealand 
Site Iso-female LD50 Fiducial Limits Resistance 
line diazinon Factor 
Blenheim 1 0.0551 0.0032-0.0030 10.0 
2 0.0599 0.0032-0.0032 10.9 
3 0.0506 0'()036-0.0035 9.2 
4 0.0472 0.0027-0.0024 8.6 
5 0.0509 0.0038-0.0037 9.3 
6 0.0636 0.0031-0.0003 11.6 
7 0.0541 0.0045-0.0048 9.8 
8 0.0564 0.0046-0.0049 10.3 
9 0.0594 0.0079-0.0112 10.8 
10 0.0602 0.0051-0.0067 10.9 . 
Dargavill~ 1 0.0459 0.0046-0.004 8.3 
2 0.0470 0.0087-0.0093 8.5 
3 0.0430 0.0042-0.0040 7.8 
4 0.0464 0.0042 -0.0042 8.4 
5 0.0442 0.0051-0.0084 8.0 
6 0.0453 0.0042-0.0040 8.1 
7 0.0490 0.0049-0.0048 8.9 
8 0.0365 0.0039-0.0037 6.6 
9 0.0448 0.0039-0.0054 8.1 
Masterton 1 0.0236 0.0039-0.0038 4.3 
2 0.0319 0.0038-0.0036 5.8 
3 0.0481 0.0034-0.0031 8.7 
4 0.0491 0.0031-0.0031 8.9 
5 0.0345 0.0027-0.0025 6.3 
6 0.0343 0.0038-0.0036 6.2 
7 0.0351 0.0031-0.0028 6.4 
8 0.0334 0.0035-0.0031 6.1 
9 0.0279 0.0036-0.0033 5.1 
Wanganui 1 0.0279 0.0036-0.0033 5.3 
2 0.0370 0.0028-0.0026 6.7 
3 0.0436 0.0031-0.0032 7.9 
4 0.0365 0.0050-0.0050 6.6 
5 0.0482 0.0054-0.0049 8.8 
6 0.0459 0.0031-0.0027 8.3 
7 0.0301 0.0041-0.0038 5.5 
8 0.0284 0.0048-0.0045 5.2 
9 0.0480 0.0043-0.0190 8.7 
10 0.0429 0.0033-0.0033 7.8 
Lab Strains 
LS2 0.0055 0.0024-0.0017 
Q4 0.0583 0.0073-0.0010 
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Figure 3.1. Fitted mortality curves for each iso-female line within each site 
plus controls. Site I, Blenheim; Site 2, Dargaville; Site 3, Masterton, Site 4, 
Wanganui. 
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The LD50 values of the iso-female lines for diazinon are shown in Table 3.3. 
All the lines showed LD50 values that were not significantly different from 
the diazinon-resistant, Australian laboratory strain, Q4. In the analysis of 
deviance all terms in the model were highly significant (p < 0.001 in each 
case). Thus there is some evidence for variation in the resistance response 
between and within sites. Overall the model fitted well (residual deviance = 
278.84, d.f.=304) and diagnostics showed no significant departure from the 
underlying assumptions. Dose-response curves of each for the iso-female 
lines and LS2 and Q4 are illustrated in Figure 3.1. 
Electrophoretic analysis of 30 individuals from the same populations used 
in the toxicity testing assays and representative of the distribution of L. 
cuprina in New Zealand revealed no E3 staining alleles. This is evidence for 
the same association between the E3 non-staining phenotype and the 
occurrence of OP resistance as shown in Australia. 
3.4. Discussion 
These results collectively show that diazinon-based OP resistance is present 
in the New Zealand populations of L. cuprina at a comparable frequency 
and level to that of Australian populations. Despite this, there was evidence 
for some level of heterogeneity among sites. In particular, the Masterton site 
exhibited a wide range of response thresholds among iso-female lines in 
comparison to Dargaville (Figure 3.1). Also apparent are differences in 
dose / response profiles within sites; in particular the Blenheim site exhibits 
steeper responses when compared to all of the lines within the Dargaville 
site, perhaps representing another resistance factor present in the Blenheim 
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population. It must be noted however, that with no a priori expectations 
regarding the pattern of variation in the data, further detailed analysis 
would be unwise. 
Factors contributing to differences in response thresholds and slopes may 
include novel R alleles segregating at the Rop-l locus or other loci. A locus 
located on chromosome 6, termed Rop-2, has been shown to carry a 
resistance allele which confers moderate adult resistance (Arnold and 
Whitten, 1975) . This allele, however, was not found to be common in 
Australia but it has yet to be determined if this is also the case in New 
Zealand. Other mechanisms contributing to resistance may include the 
action of glutathion s-transferases (Kotze & Rose, 1987) and mixed function 
oxidases (Kotze, 1993), both mechanisms observed in L. cuprina, and 
physiological and behavioural differences (Berenbaum and Zangeri, 1992). 
Further experimentation is required to determine the nature of the variation 
in resistance levels found both within and between sites. 
Although the electrophoretic data give strong support for the same 
association with the E3 non-staining phenotype and the response to the 
insecticide as shown in Australian populations, they are not conclusive. The 
E3 staining phenotype was not detected nor was there evidence for any 
susceptible alleles from the toxicology tests. Therefore the presence of the 
same association between E3 staining and susceptibility to the insecticide as 
seen in Australian populations could not be confirmed. Also, the fact that 
these collections are solely from sheep farms which have a history of 
organophosphate use may explain the lack of susceptible alleles observed in 
this survey. Indeed, it has been observed in Australia that sheep-grazing 
areas had a significantly higher diazinon Rop-l allele frequency than those 
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from adjacent "rubbish tips (McKenzie, 1984). However, from the habitat 
trapping data in Chapter Two (2.2.2) and the study by Dymock and Forgie 
(1993) where L. cuprina was found almost exclusively in sheep grazing 
habitats, it seems unlikely that this is in fact the case. Therefore, another 
possible explanation of the high frequency of resistance alleles is that 
perhaps no individuals carrying susceptible alleles were in the initial 
founding population in New Zealand. 
3.5 Summary 
These results show that resistance in L.cuprina to diazinon is present at a 
very high frequency throughout New Zealand's sheep-grazing regions. 
Some variation for resistance was found in and between the four sites 
examined using the toxicological assay. In terms of formulating future 
control strategies these results indicate that careful consideration should be 
given when such strategies are based on insecticide usage for the prevention 
of ovine myiasis caused by L.cuprina in New Zealand. 
In the context of this study, these results point towards the source of the 
New Zealand populations of L. cuprina being Australia given the close 
similarity in prevalence of insecticide resistance in both countries. It is also 
possible that no individuals carrying susceptible alleles were part of the 
original founding population or that they were at such a low frequency to 
begin with they were quickly selected against giving the seemingly fixed 
resistant phenotype in New Zealand. 
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CHAPTER FOUR 
The population genetic consequences of colonisation by Lucilia 
cuprina in New Zealand. 
4.1 Introduction 
This chapter examines the nature of genetic variation and population 
structuring in L. cuprina in the light of its recent colonisation of New Zealand. 
To quantify genetic variation, isozyme electrophoresis was employed. 
Isozyme electrophoresis is arguably still the best technique for quantifying 
inherited variation, within species, due mainly to its efficiency for examining 
large numbers of individuals quickly, at minimal cost. Extensive information 
has been gained from the wide use of electrophoresis in the elucidation of 
population structure and process since the first study of Lewontin and Hubby 
(1966) in their investigation of Drosophila populations. Estimates of gene flow, 
migration, social groupings and inbreeding can be much more precise when 
individuals can be genetically identified rather than using previous traditional 
methods of sampling, observation or mark-recapture, particularly in insects. 
In the case of gene flow estimation, isozyme electrophoresis has been widely 
used jn insect pest species to determine population -structure. Species studied 
include: horseflies, Tabanus nigrovittatus and T. conterminus (Sofield et al. 1984); 
gypsy moth, Lymantria dispar (Harrison et al. 1983; George, 1984); the 
bollweevil, Anthonomus (Bartlett et al., 1983); the spruce budworm, 
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Choristoneura occidentalis (Willhite and Stock, 1983); the hom fly, Hamatobia 
irritans (McDonald et al. 1987); the cotton budworrns, Heliothis amigera and H. 
punctigera (Daly and Gregg, 1985); the mosquito, Culex quinquefasciatus 
(Urbanelli et al. 1985); the walnut husk fly, Rhagoletis completa (Berlocher, 1984), 
the face fly, Musca autumnalis (Bryant et al. 1981); codling moth, Cydia pomonella 
(Pashley and Bush, 1979); the cynipid gallwasp, Andricus quercuscalicis (Stone 
and Sunnucks, 1993). An understanding of gene flow in insect pest species is 
important as, in most cases, the pest status is a consequence of their ability to 
rapidly colonise new habitats (Southwood, 1971). Through the use of 
electrophoretic data, a variety of hypotheses about gene flow in insects has 
been examined, for example that genetic differentiation will be small in 
migratory species (eg. Spodoptera exempta; den Boer, 1978); that the genetic 
structure of immigrant populations would more closely resemble the source 
population (eg. Anticarsia gemmatalis, Pashley and Johnson, 1986); and, in the 
context of this study, colonisation of a new habitat will result in genetic 
differentiation as the population experiences multiple bottlenecks (eg. 
Rhagoletis completa, Berlocher, 1984) 
The effects on both genetic variability and differentiation following a recent 
colonisation event have been held as one of the important processes in the 
understanding of speciation, as reviewed in Chapter One (1.1.1). 
Recent studies reporting the effects of populations subjected to population 
bottlenecks in the laboratory using dipterans include those of Sing et al., (1973) 
using Drosophila melanogaster and McCommas and Bryant (1990) using Musca 
domestica . In these studies, serial bottlenecks resulted in a reduction in allelic 
diversity, and marked differentiation among founder populations. Also, there 
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are a range of studies which have reported the effects of colonisation in the 
field (Chapter One, 1.1.2; Table 1.1). 
However, the scope of these field studies has been limited as either the history 
of colonisation is not well documented or the colonisation events are not 
recent. This is especially important given that insects generally pass through 
more than one generation per year. Consequently, -the effects of longer term 
factors such as drift and selection cannot be disentangled from the immediate 
effects of bottlenecks and founder effect. An exception is the study by Black et 
ale (1988a,b, 1990) where the colonisation of Aedes albopictus in the United States 
was recent and still in progress. The results from these studies showed that in 
the case of Ae. albopictus, breeding structure played the most important role in 
population differentiation as the patterns observed in the United States were 
similar to patterns from the native range. 
A population genetic study of L. cuprina presents another rare opportunity to 
gather valuable empirical data on the genetic effects following colonisation, an 
area often invoked as one of the most important factors underlying allopatric 
speciation, as discussed in Chapter 1. The data obtained from the New 
Zealand samples can be directly compared with the Australian population, 
which has a much longer documented history of colonisation. 
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4.2 Methods and Materials 
4.2.1 Population sampling 
Samples of L. cuprina at twenty-eight sites throughout its range in New 
Zealand and nine sites from Australia were collected as described in Chapter 
Two (2.2.1). A duplicate sample was also trapped from one field site 
(Flockhouse, NZ) (ref. sections 2.2.1 & 2.2.2). 
4.2.2 Isozyme electrophoresis 
Samples were stored at -70°C for electrophoresis. Electrophoresis was 
performed using the Helena Laboratory "Titan III" cellulose acetate plate 
electrophoresis system (CAGE) or by polyacrylamide gel electrophoresis 
(PAGE) according to the enzyme assayed. The method used for the CAGE 
followed the guidelines of Hebert and Beaton (1989). Individual flies were 
homogenised in 100 /-11 of distilled H20 then transferred to a microfuge tube. 
These homogenates were then centrifuged at 1000g for 5min. 12 /-11 of the 
supernatar:tt was then loaded into the wells of the Super Z-12 (Helena 
Laboratories) applicator kit. 1-2 ).11 of sample was loaded on each gel. The 
methodology used in the PAGE system is described in Chapter Three (3.2.4 ). 
30 individual flies were assayed from each population. 
CAGE was used to screen twenty-two enzyme systems for suitability: 
aconitase (ACON; EC 4.2.1.3), alkaline phosphatase_(ALP; EC 3.1.3.1), 
adenylate kinase (AK; EC 2.7.4.3), fumarate hydratase (FUM; EC 4.2.1.2), 
glucose-6-dehydrogenase (G6PDH; EC 1.1.1.49), glutamate-oxaloacetate 
transferase (GOT; EC 2.6.1.1), glyceraldehyde-3-phosphate dehydrogenase 
(G3PDH; EC 1.2.1.12), glycerol-3-phosphate dehydrogenase (GPDH; EC, 
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1.1.1.8), hexokinase (HEX, E.C., 2.7.1.1), isocitrate dehydrogenase (IDH; EC 
1.1.1.42), lactate dehydrogenase (LDH; EC 1.1.1.27), malate dehydrogenase 
(MDH; EC 1.1.1.37), leucine amino peptidase (LAP; EC 3.4.17.1), malic enzyme 
(ME; EC 1.1.1.40), mannose phosphate isomerase (MPI; EC 5.3.1.8.) , 
phosphoglucomutase (PGM; EC 2.7.5.1), 6-phosphogluconate dehydrogenase 
(6PGDH; EC 1.1.1.44), phophoglucose isomerase (PGI; EC 5.3.1.9), pyruvate 
kinase (PK; EC 2.7.1.40), superoxide dismutase (SOD; EC 1.15.1.1), triose 
phosphate isomerase (TPI; EC 5.3.1.1), xanthine dehydrogenase (XDH; EC 
1.2.1.37). PAGE was used for the esterase (EST; EC 3.1.1.1) enzyme system. 
Polymorphic systems that could be reliably scored were used in subsequent 
analyses. 
4.2.3 Data analysis 
The program BIOSYS-l version 1.0 (Swofford & Selander 1981) was used to 
calculate genetic diversity indices including the observed levels of 
heterozygosity (H DC), the expected levels of heterozygosity per locus based 
on Hardy-Weinberg expectations (H HW), and the mean number of alleles per 
locus. 
Measures of genetic differentiation, 8, between neighbouring populations 
were derived using the method of Weir and Cockerham (1984). In Wright's 
notation, 8 corresponds to FST, which allows the calculation of gene flow 
estimates based on the formula FST = 1/(1+ 4Nm). In this formula, N is the 
effective population size and m is the effective proportion of migrants 
between populations, assuming an island model of genetic population 
structure where selection is negligible (Slatkin, 1987). When Nm < 0.5, genetic 
drift is the primary cause of the observed genetic differentiation among 
populations; when Nm > 0.5, gene flow is the primary determinant (Wright, 
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1931). Different spatial samples were not compared if they were collected in 
different flystrike seasons. Therefore comparisons could not be made between 
the North and South Islands of New Zealand owing to the different flystrike 
seasons in which they were colonised. Estimates of gene flow between samples 
from the same site collected in different seasons were derived to determine if 
there were any temporal differences. 
UPGMA (Sneath and Sokal1973) and Distance Wagner (Farris 1972) 
phenograms were constructed based on allele frequencies, using BIOSYS-1 
(Swofford 1973). The distance measures calculated were Nei's (1978) and 
Rogers' "(1972). Rogers ' distance is based on the Mahalanobis' measure of 
distance (Mahalanobis, 1936). This measure is relatively simple and thus, no 
assumptions are made about processes leading to divergence between 
populations, or the biological meaning of such results (Richardson et al., 1986). 
In contrast, Nei's Distance (D) is more complex, based on the probability of 
picking two alleles from each population being the same and it also takes into 
account polymorphisms (Nei, 1978). It is claimed that Nei's genetic distance 
coefficient is superior to other distance coefficients since other measures are 
"constructed from the statistical point of view", while Nei's distance "is 
intended to estimate the number of net codon differences per locus between 
populations" (Nei and Roychoudhury, 1974), and consequently has more 
biological relevance. The Distance Wagner method was used to derive a 
parsimony tree using the Rogers ' genetic distance. This method may give a 
better approximation of the branching sequence of.a phylogeny (Baverstock et 
al. 1986). This tree was rooted at the midpoint of the longest arm as the origin 
of the recently established New Zealand sites is unknown, and so an 
appropriate outgroup could not be defined with certainty. 
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4.3 Results 
In total 33 loci were observe with 10 loci exhibiting polymorphism. Of 
the 10 polymorphic loci, 6 could be clearly resolved and consistently scored 
across all populations. Those loci used in the final analysis were PGM-l, PGM-
2, PGM-3, and MPI-l using tris-glycine buffer (pH-B.6); MDH-1 using tris 
malate EDTA (pH 8.6) (CAGE);" EST-13 using tris barbitone (pH 8.6) (PAGE). 
An example of the level of polymorphism at the EST -13 locus at two sites is 
shown in Figure 4.1. Other loci which were polymorphic but unable to be 
scored were HEX-I, G6PDH-l, 6PGDH-l, TPI-1. 
4.3.1 Patterns of variation 
Allele frequencies are given in Table 4.1. Table 4.2 presents the genetic 
variability observed at each population in terms of number of polymorphic 
loci, number of alleles per locus and heterozygosity. Observed heterozygosity 
levels in relation to departure from the expected heterozygosity levels were 
not calculated in the conventional way (ie. including monomorphic loci) as the 
samples were taken through one generation in the laboratory. Thus any 
departure would not reflect effects associated with the wild populations. 
However, observed and expected levels of heterozygosity levels based on 
polymorphic loci are given in Table 4.2. An example of the genetic variability 
Population: Waiau 1992 
... 
Population: Masterton 1992 
~ - - - -~ .- -- - - -
Fig. 4.1. Polyacrylamide gels illustrating the variability observed at the 
esterase locus "E13" within two populations. Allele designations are 
indicated. 
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Northland Auckland Waikato East Cape!Hawkes Bay 
Pop. no. 2 3 4 5 6 7 8 9 10 11 12 13 15 16 17 18 19 
Pgml 
A 0.583 0.350 0.383 0.000 0.100 0.100 0.467 0.550 0.100 0.367 0.433 0.167 0.250 0.183 0.000 0.000 0.433 0.000 0.083 
B 0.367 0.550 0.367 0.017 0.183 0.350 0.150 0.367 0.217 0.317 0.183 0.483 0.183 0.317 0.117 0.200 0.483 0.183 0.417 
C 0.050 0.100 0.250 0.817 0.417 0.417 0.333 0.017 0.500 0.283 0.383 0.350 0.367 0.250 0.317 0.350 0.083 0.283 0.383 
D 0.000 0.000 0.000 0.100 0.300 0.117 0.033 0.067 0.100 0.033 0.000 0.000 0.200 0.183 0.467 0.433 0.000 0.417 0.083 
E 0.000 0.000 0.000 0.067 0.000 0.017 0.000 0.000 0.083 0.000 0.000 0.000 0.000 0.067 0.100 0.017 0.000 0.117 0.033 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pgm2 
A 0.617 0.633 0.483 0.000 0.767 0.650 0.633 0.733 0.000 0.667 0.617 0.583 0.500 0.317 0.267 0.233 0.517 0.567 0.283 
B 0.367 0.367 0.400 0.133 0.033 0.167 0.067 0.167 0.250 0.133 0.250 0.317 0.433 0.100 0.483 0.567 0.183 0.283 0.250 
C 0.017 0.000 0.100 0.833 0.133 0.067 0.300 0.100 0.600 0.200 0.133 0.100 0.067 0.433 0.183 0.200 0.000 0.150 0.367 
D 0.000 0.000 0.017 0.033 0.000 0.033 0.000 0.000 0.150 0.000 0.000 0.000 0.000 0.150 0.000 0.000 0.000 0.000 0.067 
E 0.000 0.000 0.000 0.000 0.067 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.067 0.000 0.300 0.000 0.033 0.067 
Pgm3 
A 0.617 0.683 0.700 0.767 0.733 0.650 0.850 0.933 0.767 0.633 0.683 0.917 0.900 0.983 0.867 0.850 0.850 0.883 0.767 
B 0.267 0.283 0.183 0.167 0.100 0.033 0.100 0.067 0.233 0.367 0.317 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.167 
C 0.117 0.033 0.117 0.067 0.167 0.317 O.OSO 0.000 0.000 0.000 0.000 0.083 0.100 0.000 0.13.3 0.150 O.lSO 0,117 0.067 
Mpi 
A 0.750 0.717 0.567 0.633 0.633 D.400 0.567 0.600 0.733 0.767 0.667 0.683 0.9SO 0.767 0.833 0.750 0.417 0.533 0.600 
B O.lSO 0.267 0.233 0.150 0.150 0.200 0.183 0.000 0.033 0.000 0.000 0.150 O.OSO 0.233 0.133 0.217 0.083 0.117 0.083 
C 0.067 0.017 0.200 0.217 0.217 0.283 0.117 D.400 0.233 0.233 0.333 0.167 0.000 0.000 0.033 0.017 0.400 0.350 0.233 
D 0.033 0.000 0.000 0.000 0.000 0.083 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.100 0.000 0.083 
E 0.000 0.000 0.000 0.000 0.000 0.017 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
F 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mdh 
A 0.867 0.900 0.417 0.683 0.650 0.800 0.500 0.833 O.SSO 0.817 0.750 1.000 1.000 1.000 0.983 1.000 0.683 0.883 0.667 
B 0.133 0.100 0.567 0.217 0.150 0.167 0.383 0.050 0.250 0.150 0.167 0.000 0.000 0.000 0.017 0.000 0.317 0.117 0.000 
C 0.000 0.000 0.017 0.100 0.200 0.017 0.100 0.117 0.200 0.033 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.333 
D 0.000 0.000 0.000 0.000 0.000 0.017 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Est13 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
Pop.no. 
Pgm1 
0.467 
0.183 
0.000 
0.233 
0.000 
0.000 
0.117 
0.000 
0.000 
0.000 
0.550 
0.250 
0.000 
0.133 
0.000 
0.000 
0.067 
0.000 
0.000 
0.000 
20 21 
0.650 
0.283 
0.000 
0.000 
0.033 
0.033 
0.000 
0.000 
0.000 
0.000 
0.417 
0.383 
0.133 
0.217 
0.217 
0.033 
0.000 
0.000 
0.000 
0.000 
0.767 
0.067 
0.000 
0.117 
0.000 
0.117 
0.000 
0.000 
0.000 
0.000 
22 23 24 
0.500 
0.283 
0.000 
0.200 
0.017 
0.000 
0.000 
0.000 
0.000 
0.000 
0.700 
0.217 
0.000 
0.033 
0.050 
0.000 
0.000 
0.000 
0.000 
0.000 
0.700 
0.050 
0.000 
0.000 
0.083 
0.167 
0.000 
0.000 
0.000 
0.000 
0.450 
0.317 
0.000 
0.000 
0.233 
0.000 
0.000 
0.000 
0.000 
0.000 
0.633 
0.117 
0.000 
0.183 
0.017 
0.000 
0.050 
0.000 
0.000 
0.000 
0.733 
0.050 
0.017 
0.017 
0.000 
0.000 
0.183 
0.000 
0.000 
0.000 
0.483 
0.233 
0.083 
0.167 
0.000 
0.000 
0.033 
0.000 
0.000 
0.000 
0.300 
0.417 
0.000 
0.100 
0.100 
0.000 
0.083 
0.000 
0.000 
0.000 
Wellin~ton Nth 
25 26 27 28 29 30 31 32 
0.433 
0.300 
0.000 
0.067 
0.150 
0.033 
0.017 
0.000 
0.000 
0.000 
0.033 
0.350 
0.150 
0.217 
0.217 
0.033 
0.000 
0.000 
0.000 
0.000 
0.017 
0.233 
0.117 
0.200 
0.250 
0.183 
0.000 
0.000 
0.000 
0.000 
0.400 
0.450 
0.000 
0.083 
0.000 
0.000 
0.067 
0.000 
0.000 
0.000 
0.367 0.317 
0.467 0.150 
0.000 0. 117 
0.017 0.350 
0.150 0.050 
0.000 0.000 
0.000 0.017 
0.000 0.000 
0.000 0.000 
0.000 0.000 
Mi1rlbQrQu~hlNeISQn 
33 3,1 35 36 37 38 
A 0.083 0.000 0.050 0.050 0.000 0.050 0.000 0.400 0.117 0.267 0.483 0.716 0.351 0.000 0.000 0.000 0.233 0.000 0.000 
B 0.183 0.200 0.167 0.317 0.000 0.000 0.000 0.333 0.517 0.250 0.283 0.117 0.183 0.167 0.167 0.150 0.500 0.000 0.200 
C 0.433 0.583 0.783 0.617 0.467 0.483 0.300 0.200 0.367 0.483 0.217 0. 150 0.367 0.600 0.567 0.417 0.233 0.300 0.583 
D 0.283 0.217 0.050 0.017 0.483 0.467 0.633 0.000 0.000 0.000 0.000 0.017 0.067 0.233 0.266 0.433 0.033 0.633 0.217 
E 0.017 0.000 0.000 0.000 0.050 0.000 0.067 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.067 0.000 
F 0.000 0.000 0.000 0.000 0.000 0.000 ' 0.000 0.067 0.000 0.000 0.067 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pgm2 
A 0.200 0.033 0.750 0.650 0.033 0.133 0.083 0.867 0.583 0.817 0.950 0.467 0.567.0.067 0.000 0.000 0.433 0.083 0.033 
B 0.300 0.367 0.183 0.283 0.433 0.400 0.267 0.017 0.083 0.167 0.033 0.350 0.183 0.200 0.117 0.167 0.483 0.267 0.367 
C 0.433 0.467 0.050 0.000 0.483 0.467 0.633 0.050 0.333 0.017 0.000 0.117 0.233 0.500 0.500 0.567 0.084 0.633 0.467 
D 0.083 0.133 0.017 0.000 0.050 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.017 0.233 0.383 0.267 0.000 0.017 0.133 
E 0.000 0.000 0.000 0.067 0.000 0.000 0.000 0.067 0.000 0.000 0.000 0.067 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pgm3 
A 0.767 0.900 0.633 0.800 0.667 0.550 0.833 0.617 0.700 0.650 0.750 0.533 1.000 0.733 0.500 0.950 1.000 0.833 0.900 
B 0.233 0.100 0.367 0.200 0.317 0.433 0. 167 0.283 0.183 0.167 0.167 0.450 0.000 0.267 0.500 0.050 0.000 0.167 0.100 
C 0.000 0.000 0.000 0.000 0.017 0.017 0.000 0.100 0.117 0.183 0.083 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mpi 
A 
B 
C 
D 
E 
F 
Mdh 
0.733 
0.033 
0.233 
0.000 
0.000 
0.000 
0.817 
0.050 
0.083 
0.050 
0.000 
0.000 
1.000 0.933 
0.000 0.000 
0.000 0.000 
0.000 0.067 
0.000 0.000 
0.000 0.000 
0.483 0.567 
0.333 0.300 
0.133 0.067 
0.033 0.066 
0.017 0.000 
0.000 0.000 
0.667 0.817 
0.267 0.100 
0.000 0.083 
0.067 0.000 
0.000 0.000 
0.000 0.000 
0.800 0.600 
0.117 0.200 
0.033 0.200 
0.050 0.000 
0.000 0.000 
0.000 0.000 
0.800 
0.000 
0.183 
0.000 
0.017 
0.000 
0.750 0.867 
0.217 0.133 
0.017 0.000 
0.016 0.000 
0.000 0.000 
0.000 0.000 
0.633 
0.267 
0.083 
0.017 
0.000 
0.000 
0.733 
0.250 
0.D17 
0.000 
0.000 
0.000 
0.767 
0.233 
0.000 
0.000 
0.000 
0.000 
0.667 
0.183 
0.067 
0.083 
0.000 
0.000 
0.667 0.817 
0.267 0.050 
0.000 0.083 
0.067 0.050 
0.000 0.000 
0.000 0.000 
A 0.600 1.000 0.667 0.767 0.917 0.800 0.617 0.667 0.683 0.683 0.450 0.633 0.600 0.917 0.933' 0.983 1.000 0.617 1.000 
B 0.050 0.000 0.333 0.133 0.083 0.200 0.383 0.333 0.317 0.317 0.550 0.333 0.400 0.083 0.067 0.017 0.000 0.383 0.000 
C 0.350 0.000 0.000 0.067 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
D 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Estl3 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
0.450 0.567 0.683 0.600 0.517 0.533 0.417 0.500 0.483 0.467 0.533 0.333 
0.100 0.283 0.300 0.300 0.200 0.150 0.333 0.150 0.21 7 0.217 0. 133 0.200 
0.067 0.000 0.000 0.000 0.033 0.017 0.000 0.117 0.150 0. 133 0.067 0.000 
0.3 3 0.133 0.017 0.000 0.033 0.017 0.117 0.050 0.000 0.000 0.150 0.367 
0.000 0.017 0.000 0.100 0.183 0.283 0.100 0.183 0.150 0.183 0.083 0.067 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.033 0.033 
0.000 0.000 0.000 0.000 0.033 0.000 0.033 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.483 0.317 
0.217 0.400 
0. 150 0.150 
0.117 0.133 
0.033 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.433 
0.200 
0.000 
0.100 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.600 0.350 
0.233 0.317 
0.000 0.000 
0.167 0.233 
0.000 0.050 
0.000 0.000 
0.000 0.050 
0.000 0.000 
0.000 0.000 
0.000 0.000 
0.417 0.567 
0.333 0.283 
0.000 0.000 
0.117 0.133 
0.100 0.017 
0.000 0.000 
0.033 0000 
0.000 0.000 
0.000 0.000 
0.000 0.000 
Table 4.1 Allele frequencies for each population. The designated regions are shown in 
Figure 4.2 and the population numbers correspond to those in Figure 4.3. 
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Canterbury Eastern Aystralia Wes tern Ays tra li a Flockhouse 
Pop. no. 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 
Pgm1 
A 0.417 0.166 0.000 0.083 0.417 0.000 0.000 0.333 0.000 0.217 0.117 0.133 0.083 0.000 0.017 0.517 0.017 0.050 
B 0.367 0.417 0.183 O.lSO 0.367 0.000 0.617 0.283 0.300 0.533 0.433 0.183 0.283 0.167 0.950 0.450 0.000 0.000 
C 0.217 0.417 0.817 0.383 0.217 0.100 0.350 0.100 0.700 0.250 0.450 0.683 0.633 0.833 0.033 0.033 0.217 0.300 
D 0.000 0.000 0.000 0.383 0.000 0.900 0.033 O.lSO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.750 0.650 
E 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 O.OSO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pgm2 
A 0.583 0.767 0.750 0.183 0.583 0.000 0.783 0.000 0.783 0.683 0.833 0.667 0.933 0.%7 0.300 0.767 0.300 0.350 
B 0.383 0.233 0.250 0.350 0.383 0.867 0.217 O.lSO 0.217 0.317 0.117 0.317 0.067 0.033 0.117 0.233 0.433 0.600 
C 0.033 0.000 0.000 0.367 0.033 0.117 0.000 0.350 0.000 0.000 0.050 0.017 0.000 0.000 0.000 0.000 0.250 0.033 
D 0.000 0.000 0.000 0.100 0.000 0.017 0.000 0.417 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.017 
E 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0.583 0.000 0.000 0.000 
Pgm3 
A 1.000 0.933 1.000 0.850 1.000 0.617 1.000 0.800 0.933 0.933 0.850 0.767 0.950 0.967 0.917 1.000 1.000 0.933 
B 0.000 0.000 0.000 0.133 0.000 0.383 0.000 0.033 0.067 0.033 0.117 0.067 0.000 0.033 0.083 0.000 0.000 0.067 
C 0.000 0.067 0.000 0.017 0.000 0.000 0.000 0.167 0.000 0.033 0.033 0.167 0.050 0.000 0.000 0.000 0.000 0.000 
Mpi 
A 0.500 0.633 0.450 0.983 0.500 0.983 0.333 0.317 0.417 0.483 0.550 0.683 0.500 0.433 0.433 0.417 0.650 0.600 
B 0.500 0.050 0.450 0.017 0.500 0.017 0.217 0.500 0.833 0.783 0.767 0.700 0.650 0.867 0.700 0.300 0.300 0.300 
C 0.000 0.317 0.033 0.000 0.000 0.000 0.350 0.133 0.133 0.217 0.133 0.000 0.350 0.100 0.067 0.283 0.050 0.100 
D 0.000 0.000 0.067 0.000 0.000 0.000 0.100 0.217 0.033 0.000 0.100 0.300 0.000 0.033 0.183 0.283 0.000 0.000 
E 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.100 0.000 0.000 0.000 0.000 0.000 0.000 0.050 0.133 0.000 0.000 
F 0.000 0.000 ' 0.000 0.000 0.000 0.000 0.000 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mdh 
A 1.000 1.000 1.000 0.767 1.000 0.917 1.000 1.000 0.983 0.933 0.967 0.983 0.850 0.800 0.767 1.000 0.967 0.783 
B 0.000 0.000 0.000 0.200 0.000 0.033 0.000 0.000 0.017 0.067 0.033 0.000 0.150 0.150 0.233 0.000 0.033 0.133 
C 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.050 0.000 0.000 0.000 0.083 
D 0.000 0.000 0.000 0.033 0.000 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Estl3 
A 0.567 0.617 0.383 0.483 0.567 0.617 0.333 0.317 0.417 0.483 0.550 0.683 0.500 0.433 0.433 0.417 0.533 0.567 
B 0.200 0.200 0.267 0.200 0.200 0.100 0.200 0.233 0.283 0.167 0.150 0.150 0.000 0.083 0.167 0.117 0.183 0.233 
C 0.000 0.000 0.000 0.000 0.000 0.000 0.150 0.050 0.167 0.200 0.033 0.000 0.033 0.017 0.083 0.033 0.083 0.067 
D 0.233 0.083 0.233 0.317 0.233 0.283 0.017 0.083 0.017 0.133 0.050 0.083 0.000 0.183 0.050 0.050 0.083' 0.067 
E 0.000 0.000 0.117 0.000 0.000 0.000 0.083 0.100 0.000 0.000 0.133 0.050 0.117 0.117 0.117 0.133 0.100 0.067 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
G 0. 000 0.100 0.000 0.000 0.000 0.000 0.200 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.067 0.000 0.017 0.000 
H 0. 000 0.000 0.000 0.000 0.000 0.000 0.000 0.200 0.067 0.000 0.050 0.000 0.000 0.067 0.083 0.250 0.000 0.000 
I 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.033 0.033 0.000 0.100 0.000 0.000 0.000 0.000 
J 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.350 0.000 0.000 0.000 0.000 0.000 
Table 4.1. Cont'd . 
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Region Av.no. Av. % Loci Av. Mean Heteroz~gosit~ 
alleles / Polymorphic 
locus Direct Expected 
Count 
Northland 3.10 100 0.477 0.500 
Auckland 4.30 100 0.589 0.597 
-
Waikato 3.05 100 0.502 0.485 
East Cape/ 
Hawkes Bay 3.15 91 0.432 0.459 
Manawatu 3.22 96 0.460 0.450 
Wairarapa 3.45 100 0.537 0.519 
Wellington 
North 3.43 94 0.441 0.474 
Marlborough/ 
Nelson 2.57 80 0.402 0.381 
Canterbury 2.61 80 0.387 0.366 
Eastern 
Australia 2.80 97 0.330 0.331 
Western 
Australia 2.90 88 0.389 0.383 
Table 4.2. Genetic variability of L. cuprina collected from New Zealand 
and Australia. Data presented are averages taken across sites from each 
region. The designated regions are shown in Table 4.1. 
.iL 
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observed in terms of numbers of alleles and allelic diversity at the PGM-1 
locus in both Australian and New Zealand sample sites is illustrated in Figure 
4.2. 
All of the alleles except Est-13 'J', 'H' and 'I' found in Australia are also present 
in New Zealand (Table 4.1). These exceptions are only present in relatively low 
frequency in Australia. The only unique allele found in New Zealand was 
MDH 'D' and this was found to be restricted to only 5 sites and in low 
frequency (below 0.05). The Brisbane site was the only Australian sample to 
have the full suite of MPI, PGM-1, and PGM-2 alleles while Trangie was the 
only Australian site to have EST 13 'F'. All of these alleles are present with 
varying frequency and regularity in the New Zealand sites. Within New 
Zealand the levels of polymorphism differed between sites (Table 4.2). Most 
notably in the South Island both the Marlborough/Nelson and Canterbury 
regions have the lowest percentage of polymorphic loci. 
Testing for heterogeneity in allele frequencies using a G test (Sokal and 
Rohlf, 1981) was considered inappropriate for this data set. At each locus some 
alleles were present in high frequency at some sites and absent in others. A G 
test would require pooling of the rarer alleles at each site, obscuring the 
significance that the presence of these alleles display. 
4.3.2 Gene Flow 
-
Gene flow estimates calculated between neighbouring populations in 
both New Zealand and Australia are presented in Figure 4.3. The major 
differences in New Zealand occur between the North and South Islands. In the 
North Island, in areas where there is a continuum of sheep farming, gene flow 
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Figure 4.2. The allelic diversity exhibited at the PGM-l 
locus in L. cuprina from sites collected throughout New Zealand 
and Australia. Regional divisions are also shown. 
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Figure 5.2. The levels of gene flow estimated between neighbouring 
site!' of L mpril1n throughout ew Zealand and Australia . Sheep 
density estimates are from Wards (1976) and feader's Digest Services 
(1977) . Sites are numbered to correspond with those of Table 5.1. 
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estimates range from medium to high (N m > 0.5). The only low gene flow 
estimates in the North Island occur between Kihikihi and sites further south, 
which may reflect the absence of sheep in significant numbers in the central 
North Island. In contrast, in the South Island, which has the most recent 
history of colonisation, gene flow estimates between neighbouring populations 
in general appear low, with exceptions occurring in the north-west region and 
between Hawarden and Waiau: 
In Australia gene flow is generally medium, particularly in the Eastern sea-
board r~gion. The range of sample sites in this Eastern region is equivalent to 
the latitudinal range of L. cuprina in New Zealand. Low gene flow estimates 
were observed in Western Australia between Kalgoorlie and both Carnarvon 
and Bever ley. 
Gene flow estimates within the same sites for different years in New Zealand 
are shown in Table 4.3. Gene flow in this instance was used to assess levels of 
local replacement as opposed to migration. Each of the North Island samples 
showed high estimates of gene flow between the seasons collected ranging 
from Nm = 3.94 - 12.3, with the only South Island sample present for 3 years, 
Blenheim, exhibiting a low estimate of gene flow (Nm = 0.48). A gene flow 
estimate between strike and trap samples from Flockhouse (NZ) is also given. 
This alue is very high (13.41), indicating little bias associated with sampling 
method. 
Site 91-92 92-93 
Kihikihi 10.4 14.2 
(38.02S; 175.22E) 
Wanga-nui 3.6 4.3 
(39.56S; 175.00E) 
Masterton 5.2 4.4 
(40.57S; 175.39E) 
Grey town 13.2 12.8 
(40.94S; 175.29E) 
Blenheim 0.5 0.5 
(41.32S; 173.28E) 
Flockhouse 
Trap vs Strike 
(40.10S; 17S.22E) 
93-94 
11.9 
0.5 
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Av. Nm Gene Flow 
Level 
12.3 High 
3.9 High 
4.8 High 
11.1 High 
0.5 Low 
13.41 Hiah 0 
Table 4.3. Gene flow estimates between years at selected sites from New 
Zealand. Also, estimated gene flow between the Flockhouse samples are 
gIven. 
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4.3.3 Genetic Distance 
The genetic distances were calculated using both Rogers I R and N ei IS D 
algorithms. Very similar clustering patterns were obtained from both genetic 
distance measures and both clustering methods hence only the phenetic tree 
derived from Neils D is shown in Figure. 4.4. From-these phenograms, the 
relationships between sites do not reflect their geographic proximity. The 
Australian and New Zealand samples do not form discrete clusters, however, 
the New South Wales and Victorian sites (as indicated in Fig. 4.4) do appear to 
be most closely related, tending to cluster together. The recently colonised 
South Island sites (as indicated in Figure 4.4) also appeared sporadically 
throughout each of the phenograms with no clear pattern being apparent. To 
investigate whether there were any geographic distance effects on the genetic 
distance measures, Neils D is plotted against distance in kilometres in both 
Australia and New Zealand (Figure 4.5). No significant trends or effects were 
observed. 
4.4 Discussion 
Although the exact source of L.cuprina in New Zealand has yet to be proved, 
comparisons can still be made between Australia and New Zealand in terms of 
levels of genetic variability and population differentiation as shown by gene 
flow estimates: L. cuprina has a long history in Australia ( > 100 yrs ) allowing 
for stability in population structure while the history in New Zealand is brief 
in comparison ( est. < 20 yrs). Furthermore, the South Island colonisation 
history in 
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Figure 4.4. UPGMA of L. cuprina samples, derived from 
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Figure 4.5. Nei's genetic distance vs geographical distance. 
Solid line: New Zealand sites. Dashed line: Australian sites. 
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New Zealand .is well documented and known to be extremely recent (since 
1990, Bishop pers. comm.) where samples have been collected each year 
subsequent to this colonisation as L. cuprina has moved south. The genetic 
variability at each locus between samples in terms of allele composition is high 
in New Zealand in comparison to Australia over the same geographic range. 
Furthermore, the New Zealand population, with the exception of three alleles, 
possess the same alleles at each locus found across Australian samples. Given 
that the alleles involved were present at low frequency the differences 
observed are attributable to either the effects of drift or sampling error. From 
these d,~.ta it would follow that the initial founding population must have been 
large and perhaps from several sources to have accommodated virtually all of 
the allelic diversity found in Australia (assuming Australia is the source). 
Greater variation in allelic frequency was observed among the recently 
introduced samples from sites throughout New Zealand than among 
Australian samples. This may indicate an initial large founding population, or 
several introductions from different sources, which have multiplied and 
subsequently spread rapidly. This is in contrast to studies showing a loss of 
allelic diversity resulting from the effects of founder events and genetic drift 
(Stone and Sunnocks, 1993; Baker and Moeed, 1987; Ross, 1983). However, 
given favourable conditions, L. cuprina may pass through as many as 9 
generations in a season which would quickly establish a large expanding 
population (MacKerras, 1933). The exact time of colonisation in the North 
Island is still not resolved as collection material has shown the presence of this 
species as early as 1980 in some samples. It is also possible that the history may 
date back further since, without formal identification, L. cuprina is relatively 
indistinguishable from its sibling species, L. sericata, which has been present in 
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New Zealand since the 1800's. The North Island sample sites are then 
relatively well established and this has been reflected by the levels of gene 
flow between neighbouring sites in this region and between years from the 
same sites. 
Although blowflies in general are considered highly mobile insects and are 
often opportunists in their choice of suitable breeding sites, the life cycle of L. 
cuprina is almost exclusively reliant on the presence of sheep (Waterhouse, 
1947). Therefore, the distribution of L. cuprina in Australia is found to 
correlate with favourable breeding sites which inevitably reflect the presence 
or absence of sheep (Vogt and Woodburn, 1979). This distribution is also 
reinforced by the low tendency for dispersal of L. cuprina, the majority of 
adults remaining within 1 - 2 km of the emergence site (Norris, 1959). The 
tendency for low dispersal observed in Australia is expected to be more 
apparent in New Zealand, as, over a comparable latitudinal range, New 
Zealand is in comparison extremely heterogeneous geographically and 
climatically. Confounding the low natural dispersal rates of L. cuprina is the 
rate of movement of the host. These factors coupled with differences in sheep 
movement and distribution between Australia and New Zealand appear to 
have played a major part in the different patterns of genetic variation observed 
between these two countries. 
The genetic effects of recent colonisation can be obs_erved in samples from the 
South Island region which has become established within the period between 
1990-1994. Within this period, colonisation has occurred in a southerly manner 
with each colonisation event presumably being preceded by a population 
bottleneck. The levels of population differentiation can be expressed in terms 
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of gene flow estimates, which were shown to vary considerably between sites 
in New Zealand in comparison to Australia. The most interesting region in 
New Zealand was the South Island where colonisation by L. cuprina is known 
to be recent. The low gene flow estimates between sites coupled with the low 
gene flow estimate between years from the same site, Blenheim, indicates a 
small number of founders combined with the effects of extreme seasonal 
-
population fluctuation following initial colonisation. These population 
fluctuations could be explained by reduced survivability of L. cuprina between 
seasons as it encounters extreme environmental variables upon colonisation of 
the Sou~ Island. L. cuprina overwinters as post-feeding larvae, usually in the 
top 1 to 10 cm of soil (Cole pers. comm.), and can tolerate varying amounts of 
exposure to low soil temperatures. Studies in Australia have shown that some 
larvae can survive for more than three months at SoC, although survival then 
declines with increased time of exposure (Vogt and Woodburn, 1979). In the 
South Island regions of New Zealand where L. cuprina has become 
established, it is not uncommon for winter soil temperatures to remain below 
SoC for up to five months (NZ Met. Service, 1973) which would severely affect 
the abundance of adults emerging the following season. This would result in 
the patterns observed in this study, indicative of populations being subjected 
to one or more bottlenecks between seasons. Also, there was no evidence for 
any clinalloss of variability in the South Island sites. Such a pattern may be 
expected given the evidence for colonisation occurring in a southerly manner. 
However, subsequent migration and the effects of population bottlenecks 
occurring between seasons will alter the levels of genetic variability, thus 
disrupting any clinal patterns that may otherwise occur. Samples from many 
South Island sites were unable to be obtained in their first year of colonisation. 
The levels of genetic variability in these samples would have been important 
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determine if such elinal patterns did occur prior to seasonal population 
bottlenecks. 
High or increased diversity among populations, has also been reported to 
result from population bottlenecks in other field studies. For example, in 
Berlocher's (1984) study of Rhagoletis completa, population differentiation (Fst) 
-
was markedly higher among introduced populations than among endemic 
populations, while the number of alleles present did not differ substantially. 
Introduced populations of the gall wasp Andricus quercuscalicis also showed 
higher population differentiation, although allelic diversity (allele number) 
decreased(Stone & Sunnucks 1993). Unlike the case of Ae. albopictus where 
natural breeding structure of this species promoted population differentiation 
(Black et al. 1988b), founder effects accompanied by genetic drift appears to be 
the main cause of population structuring of L. cuprina in the South Island as 
the favourable breeding habitat is relatively continuous. Only in the case of 
obvious differentiation between the North Island site of Kihikihi and sites 
further south can discontinuity of the habitat be the cause. It must be noted 
that neutrality is being assumed in regards to the loci used in this case. 
Selection cannot be entirely discounted although in this study all loci were 
assumed independent and similar patterns were observed in the variability of 
each, evidence for neutral effects. 
The dichotomy observed between the North and So_uth Island samples of L. 
cuprina has further implications in genetic studies of other species; if the 
history of L. cuprina in these regions had not been well documented and 
samples collected only in a spatial manner, then these results could easily be 
interpreted quite differently. For example, it could easily be assumed that the 
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South Island sites are extremely genetically distinct from one another and have 
been so for a considerable length of time. Therefore care should be taken when 
interpreting results from surveys of genetic variability and population 
differentiation when samples are only collected in one time point and 
historical events, such as recent colonisation, are not taken into consideration. 
4.5 Summary 
This chapter has described the genetic effects following colonisation of New 
Zealand by L. cuprina. Genetic variability at each locus in terms of allele 
composition was found to be high and genetic differentiation varied 
considerably in New Zealand in comparison to Australia. The genetic effects of 
recent colonisation can be observed in samples from the South Island region 
which has become established within the period between 1990-1994. Within 
this period, colonisation has occurred in a southerly manner with each 
colonisation event presumably being preceded by a population bottleneck. As 
discussed above, this coupled with serial bottlenecks resulting from seasonal 
fluctuations would then result in the extreme levels of differentiation between 
sites observed. Nevertheless, overall allelic diversity remains high. 
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CHAPTER FIVE 
Cloning and Characterisation of the Mitochondrial Genome of 
Lucilia cuprina . 
5.1 Introduction 
The population genetics of L. cuprina using isozyme markers described 
in Chapter Four, revealed high levels of genetic variability in New 
Zealand. However from these results, obtained from nuclear markers, it 
was not possible to reliably establish the colonisation history of L. cuprina 
in New Zealand. The addition then, of a data set derived from another 
genetic marker may allow a more accurate understanding of the 
colonisation process and subsequent population structuring. To this end 
variability of the mitochondrial genome was investigated. 
The mitochondrial genome has been widely used in recent times as a 
"neutral" molecular marker. This assumption of neutrality is based on 
the (usual) maternal mode of inheritance of this genome, which has 
major implications for the action of natural selection. Due to this haploid 
clonal population structure, it is less likely that variability is maintained 
by natural selection as, in pure selection models, vf3.riability is only 
maintained if the fitnesses are frequency dependent (Clarke, 1984). 
Therefore, variation in the mitochondrial DNA (mtDNA) is attributed to 
rates of nucleotide substitution (mutation rates). Hence, variation in 
mtDNA has been investigated in a variety of insect species, usually 
through determining the level of Restriction Fragment Length 
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Polymorphism (RFLP) (Trick and Dover 1984; DeSalle et aI. 1987; Hale 
and Singh 1987; Harrison et aI. 1987; Brower and Boyce 1991; Sperling and 
Harrison 1994). These studies have shown that it can be an informative 
molecule for use of intra- and inter-specific variation in determining 
levels of gene flow and geographic differentiation, as well as assessing 
historical patterns such as origin and dispersal. Further advantages of 
using mitochondrial DNA for the purpose of investigating both inter and 
intra-specific relationships have been reviewed by Avise et aI. (1987) and 
Moritz et al. (1987). 
MtDNA RFLP's have also been analysed in a variety of dipteran species 
to determine variation between geographic populations and effects on 
polymorphism following a colonisation event (Roehrdanz and Johnson 
1988; Rozas et al. 1990; Khambhampati and Rai 1991; Mitchell et al. 1992; 
Halliburton and Barker 1993; Conn et al. 1993). Clearly it would be of 
value to compare and contrast patterns of variability derived from 
nuclear markers with corresponding patterns derived from the rntDNA. 
This Chapter describes the purification, cloning and mapping of the 
mitochondrial genome from L.cuprina. The resulting restriction site map 
is compared to those of other available dipterans. This information is 
required to facilitate the collection of RFLP data as well as establishing a 
base line for future work involving the mitochondrial genome of Lucilia. 
Finally, data collected to determine the level of intra-specific mtDNA 
RFLP variation, comparing haplotypes collected from sites throughout 
Australia and New Zealand, are presented and discussed. The usefulness 
of this marker in determining the genetic history of L. cuprina in New 
Zealand is evaluated. 
MtDNA Characterisation 70 
5.2 Methods and Materials. 
5.2.1 Strains and conditions 
For the purification of mtDNA, L. cuprina stocks were reared as detailed 
by Weller and Foster (1993). 1-2 g of eggs were harvested from gravid 
females of laboratory inbred lines for mtDNA purification that day. 
For the RFLP survey, adult L. cuprina from 8 sites in New Zealand 
(Blenheim, Bulls, Gisborne, Kaiwaka, Levin, Masterton, Papakura and 
Waiau) and 4 sites in Australia (Beverley W.A., Glencoe NSW, Cowra 
NSW and Brisbane Qld) were derived either from sheep body strike 
samples or through trapping as described in Chapter Two (2.2.1). Ten 
individuals were used from each site. The locations of the sample sites 
are shown in Figure (2.1). 
5.2.2 Isolation of Mitochondrial DNA 
The isolation of mtDNA followed the method of Dowling et al. (1990) . 1-
2g of fresh eggs were homogenised using a teflon dounce homogeniser in 
2ml of ice-cold STES buffer and rinsed with a further 10ml of STES. The 
homogenate was centrifuged at 2,500 rpm (1200g) in a SS34 rotor at 40C 
for 5min to pellet cellular debris and nuclei. The supernatant was 
centrifuged at 14,000 rpm (23,000g) in a SS34 rotor-for 20min to pellet the 
mitochondria. This pellet was resuspended in 1ml of ThE buffer. The 
mitochondria were lysed by the addition of 0.125ml of 20% SDS and 
incubated at room temperature for 10 min. Nuclear DNA was then 
precipitated on ice for 15 mins by the addition of 0.188ml of CsCI saturated 
H 20 and centrifugation at 12,000 rpm (17,000g) in an SS34 rotor at 4°C for 
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10min. The supernatant was transferred to a 1.5ml ultra-centrifuge tube, 
the density of each sample adjusted to between 1.52 - 1.57 g / ml by the 
addition of CsCl and 2mg/ml propidium iodide as specified by Dowling et 
al. (1990; Table 5). Centrifugation was carried out in a Beckman SW 55Ti 
at 50,000 rpm (140,OOOg) at 21°C for 22hrs. 
The mtDNA was visualised under UV light and appeared as a band 
approximately 6mm below the nuclear DNA band. The mtDNA fraction 
was then extracted by puncturing the bottom of the tube with a 21 gauge 
syringe-and the propidium iodide removed using repeated washes with 
isopropyl alcohol CsCl saturated H 20 and centrifugation in a micro-
centrifuge until the sample cleared. The sample was then dialysed against 
0.5 x TE buffer for 24 hrs with 2 changes of buffer and the mtDNA 
precipitated in 1/10 volume of 3M sodium acetate pH 5.2 and 2.5 x 
volume of ethanol. The precipitate was washed with 70% ethanol, 
vacuum dried, then resuspended in 50~1 of 1 x TE buffer. 
5.2.3 Cloning 
Fragments of purified mtDNA were cloned from both EcoRI and HindIIl 
digests. 
5.2.3.1 Vector preparation 
l~g of pBluescript SK- (Stratagene) was digested with either EcoRI (B-M) 
or HindlII (B-M) according to manufacturers instructions. Digested vector 
DNA was then extracted with phenol / chloroform/ isoamyl alcohol (PCl) 
(25:24:1) followed by a chloroform / isoamyl alcohol (24:1 ) extraction and 
then precipitated with 1/ 10 vol. of 3M sodium acetate (pH 5.2) and 2.5x 
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vol. of 100% ethanol followed by a 70% ethanol wash. Dephosphorylation 
of the vector was carried out using 1 u of CAP (Boehringer - Mannheim) 
and dephosphorylation buffer (Boehringer - Mannheirn) in a volume of 
20Jll. This was incubated at 370 C for 30mins followed by another 30mins 
at SooC and stopped with the addition of 1Jll of O.5M EDTA. The vector 
solution was again extracted once with PCI, followed by a CI extraction, 
then precipitated as above. The precipitate was then washed with 70% 
ethanol, dried and resuspended in 20Jll of 1xTE. 
b) Insert preparation 
10)..lg of mtDNA was digested with either EcoRI (B-M) or HindIII (B-M) 
according to manufacturers instructions. Digested products were extracted 
with PCI followed by CI, then precipitated and dried as above. 
Ligations 
Ligation reactions were set up over theinsert pellets which consisted of 
SOng of prepared vector, 2rnM ATP, 1x ligase buffer and 1u of ligase 
(Pharmacia). This mixture was then incubated at 14°C overnight. Half of 
this ligation mix was then transformed. 
Ca 2+ treated TG1 cells (Escherichia coli) were thawed on ice then added 
to the ligation mix and left on ice for at least 30min. The suspension was 
heat shocked at 42°C for 90sec then put back on ice. 1ml of 2YT broth was 
then added and the suspension inverted gently and placed at 37°C for 1hr 
after which the cells were centrifuged at 13000 rpm (SK) in a micro-
centrifuge for 2min. Transformed TG1 cells were plated onto 2YT + Amp 
(100)..lg / ml) + XGal (40)..lg / ml) + IPTG (2 x 10-4) plates and incubated 
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overnight at 37°C. Plasmid DNA was prepared from individual colonies 
using an alkaline lysis technique (Sambrook et al. 1989). 
5.2.4 Restriction Enzyme Analysis 
Genomic DNA was extracted using the following method modified from 
-
Crozier et al. (1991). 500J,l1 of CTAB buffer was added to a ground glass 
homogeniser containing a single fly which was placed on ice. The fly was 
then homogenised until no whole fly parts were recognisable. This 
homog~nate was transferred to a microfuge tube and incubated at 6SoC for 
2 hours. Cellular debris was then pelleted via centrifugation at 13000 rpm 
(SK) in a micro- centrifuge for 10 min. The supernatant was transferred to 
a fresh tube and extracted with PCI (this was repeated only if the interface 
was extremely cloudy), followed by a CI extraction. DNA was precipitated 
using 1.5 x vol. of isopropanol with the resulting pellet washed and 
resuspended as above except an RNase treatment step was added once 
resuspended. 
Restriction enzymes digests were conducted according to the 
recommendations of the manufacturer (Boehringer-Mannheim, 
Pharmacia). Resulting products were resolved on gels of 0.8% and 1.5% 
agarose in TAE buffer containing 12J,lg ethidium bromide / litre of TAE. In 
total, 18 restriction enzymes were used: AccI, BamHI, Bell, BgIII, CIaI , 
-
EcoRI, EcoRV, HaeIII, HindIII, MspI, Neal, PstI, PvuII, RsaI, ScrFI, 
Sau96A, XbaI, and Xhol. Fragment sizes were estimated combining direct 
comparison with both a lkb marker (Gibco BRL) and a high molecular 
weight marker Lambda DNA-HindIli digest (Pharmacia) and the use of 
the computer program Gel Fragment Sizer version 1.4 (D.G.Gilbert, 
dogStar Software, Indiana). 
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5.2.5 Mapping and Hybridisation 
The mtDNA was restriction mapped by hybridising blots of single and 
double digests with each individual EcoRI and HindIII clone from L. 
cuprina and Drosophila silvestris mtDNA. This allowed mapping of 
relative positions of each restriction enzyme site in the L. cuprina 
mtDNA and alignment to other dipteran mtDNA maps. Digested DNA 
for both the mapping and population survey was transferred to Hybond 
N+ (Amersham) membranes using the Southern technique (Southern 
1975). Nick translated probes of either cloned mtDNA fragments of whole 
mtDNA were prepared using the method of Sambrook et al. (1989). 
Hybridisation conditions were that as described by Amersham at 650 C 
overnight. Two low stringency washes using 2X SSC + 1% SDS at 650 C 
followed. Washed filters were exposed to autoradiographic film (Kodak) 
for at least 3 hours in an X-ray cassette (Amersham). 
5.2.6. PCR primers and conditions 
AT-rich region primers were designed from Drosophila yakuba sequence 
data (Clary and Wolstenholme, 1985) 
LCAT 1: 5' TAGGGTATCTAATCCTAGTT 3' 
LCAT 2: 5' GTATGAACCCAGTAGCTTAATTAGC 3' 
Refer to Chapter Six (6.2.2) for PCR protocols, conditions and cytochrome 
oxidase primer sequences. 
5.3 Results 
Approximately lOl-1g of mtDNA was obtained from 19 of eggs. This 
provided sufficient material for sub-cloning. Cloning of fragments that 
Figure 5.1. Restriction patterns of whole L. cuprina mtDNA from 
digestion with EcoRI and HindIII (Lanes 1&9) alongside cloned fragments 
of mtDNA from corresponding digests (Lanes 2-7, EcoRI; Lanes 10-13, 
HindIII). Lane 8 is a 1kb ladder (Gibeo BRL). 
mtDNA EcoRI digest • 
1---1 
EcoRI 5.27kb • 
N 
EcoRI 3.88kb • • 
VJ 
EcoRI 3.41kb • 
n ~ 
EcoRI 2.10kb • • CJl EcoRI 1.07kb • • II! 0\ EcoRI O.42kb • '-l lkb Ladder • 00 
mtDNA HindIII digest ___ \0 
1---1 
HindIII5.90kb • 0 
HindIII 5.52kb • 
1---1 
~ 
HindIII 3.83kb • Iii ~ N HindIII O.85kb • 
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resulted from digests with EcoRl and HindIll(Figure.5.1). The fragments 
cloned were as follows: from EcoRl; 5.27kb, 3.88kb, 3.41kb, 2.1kb, 1.07kb, 
0.42kb, and Hindill; 5.90kb, 5.52kb, 3.83kb, 0.85kb. Two fragments, EcoRl 
5.27kb and HindIII 5.52kb, proved difficult to clone, hence were presumed 
to contain the origin of replication. This was confirmed by the use of peR 
amplification of the mitochondrial origin of replication using AT-rich 
specific primers. Therefore, in order to clone these fragments it proved 
-
necessary to gel purify fragment DNA directly from the isolated mtDNA 
using Gene-clean (Bresatec) followed by preparation of the insert and 
ligation-mix as previously described. Successful cloning of these 
_fragments could then be carried out. Similar difficulties in cloning the A 
+ T rich regions of Drosophila yakuba (de Bruijin 1983) and Phormia 
regina (Goldenthal et al. 1991) mitochondrial DNA have been noted. 
Whole purified mtDNA digests with EcoRl and HindIII are shown 
alongside the corresponding cloned products in Figure 5.1. Southern 
hybridisation of this gel, using purified mtDNA as the probe, showed no 
mtDNA fragments were missed in cloning. When fragments were 
separated using a combination of 0.8% and 1.5% agarose gels, the average 
total size of the L. cuprina mitochondrial genome was found to be 
approximately 16.1 kb. This is similar to estimates for 6ther Diptera ego 
Drosophila yakuba (16 kb) (Clary and Wolstenholme 1985), Chrys01nya 
hominivorax (16kb) (Roehrdanz and Johnson 1988), and Musca 
domestica (16kb) (Roehrdanz 1992) although it is smaller than the 
-
blowfly Phormia regina which was estimated to be 17.5kb (Goldenthal et 
al. 1991). 
Restriction Enzyme 
AccI 
BamHI 
Bell 
Bgll 
ClaI, 
EcoR! 
1. 
2. Trangie (NSW) 
EcoRV 
1. 
2. Blenheim (NZ) 
HaeIII, 
HindIII, 
Mspl 
Ncol 
Pst! 
Pvull 
Rsal 
ScrFl 
Sau3A 
XbaI 
Xhol 
MtDNA Characterisation / / 
Restriction fragment sizes 
(kilo-bases) 
8.1,4.5,2.2, 1.3 
16.1 
9.5,2.5,3.01-1.1 
16.1 
5.5,5.0,3.5, 2.0 
5.3, 3.9, 3.3, 2.2, 1.0, 0.4 
7.2, 5.3, 2.2, 1.0, 0.4 
16.1 
9.5,6.6 
9.4, 6.5 
5.9,5.5,3.8, 0.9 
11.6,5.5 
16.1 
16.1 
10.5, 4.0, 1.5 
6.5, 4.5, 2.6, 1.5, 1.0 
9.7, 6.2 
4.6, 4.4, 2.3, 2.0, 1.8, 0.7, 0.5 
16.1 
16.1 
Table 5.1. Restriction site patterns observed of the whole mitochondrial 
genome of L. cuprina throughout Australia and New Zealand. 
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A restriction map was fully resolved using 4 restriction enzymes and is 
shown in Figure. 5.2 aligned to the M. domestica and D. yakuba maps. 
Comparison of maps between species was achieved by firstly, using 
individual clones of Drosophila silvestris EeoRI fragments as probes 
where gene order was known as described by DeSalle et al. (1986). 
Secondly, via PCR, using pr~ers designed to amplify the AT-rich region 
-
and the COl and COIl regions (refer Chapter Six). Via this method, each 
individual L. euprina mtDNA clone was used as template in independent 
PCR reactions to determine which clone contained these regions. End 
sequencing into these regions confirmed their identity and allowed 
accurate alignment (refer Chapter Six, 6.2.3). Only the cleavage sites 
resulting from the same restriction enzymes used to construct the L. 
cuprina map are shown in the D. yakuba and M. domestica maps (Figure. 
5.2). The gene order (not counting tRNA's) was found to be similar across 
these 3 species, however, there were differences in the restriction enzyme 
sites. There are no sites common between L. euprina and D. yakuba and 
there are only three HindlIl sites mapped at the same position between 
M. domestiea and L. euprina. 
The investigation of RFLP variation in the whole mtDNA genome of L. 
euprina revealed no intra-populational variation and little between 
population variation in samples from both New Zealand and Australia. 
A total of 51 restriction sites were resolved, representing approximately 
1.58% of the mtDNA genome (Table 5.1.). Only two populations, 
Blenheim in New Zealand and Trangie (NSW) in Australia, exhibited 
any variation, observed as a single restriction site change for EeoRV and 
EcoRI respectively (Table 5.1.) . 
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L cuprina 
I I I I I I I I I I I II 
E E H H E X S S EHE S SE H 
M . domestica X 
I II I I 
X HHE EH E H X H H 
D. yakuba _ 
I I I 
XHE E X 
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
J- A + T ~,--12S---,1_16_S -----"I_ND---\l ~ Cyt bl ND6 H ND 4 H ND 5 ~_C_O_I --'~ 
Figure 5.2. Restriction site map of L. cuprina aligned with D. yakuba and 
M. domestica. MtDNA gene order is also shown. 
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5.4 Discussion 
The comparison of restriction maps between D. yakuba, M. domestica and 
L. cuprina showed L. cuprina to be most similar to M. domestica and to 
share no sites in common with D yakuba. This difference betwe"en L. 
cuprina and D. yakuba is not entirely surprising, given that the 
evolutionary divergence between the families to which these taxa belong 
(Drosophilidae and Calliphoridae) has been estimated as > 70 " million 
years (~everley and Wilson 1984). 
The lack of variability in the mitochondrial genome is in contrast to the 
allozyme study (detailed in Chapter Four). L. cuprina populations 
derived from Australia and New Zealand which showed, in that study, 
relatively high levels of genetic variability in terms of allelic diversity in 
both countries, especially in New Zealand. 
Low levels of mtDNA variability have also been observed in other insect 
species such as Aedes albopictus (Kambhampati and Rai 1991), Anopholes 
quadrimaculatus (Mitchell et al. 1992) and Papilio polyxenes and P. 
zelicaon (Sperling and Harrison 1994). This is in contrast to many 
vertebrate studies which have shown the mtDNA is evolving at a rate 5-
10 times faster than the nuclear genome (Brown et al. 1982; Brovvn 1983). 
However, Powell et al. (1986) showed that in Drosophila melanogaster 
and D. yakuba, the rates of nucleotide substitution for both single-copy 
nuclear DNA and mtDNA were equivalent. One explanation proposed by 
Powell et al. (1986) was that the differences in embryogenesis between 
vertebrates and insects may play an important role. Initial cell divisions 
in insect embryos do not involve cell division whereas holoblastic 
cleavage occurs in vertebrate embryos which is probable the stage where 
M tDNA Characterisation 81 
the mtDNA undergoes its most severe bottleneck. Therefore this effect, 
coupled with any major historical effects on population size, would result 
in very low levels of mtDNA variability. 
The discordance between the nuclear and mitochondrial DNA data set 
observed in L. cuprina has also been shown in other studies (Boyce et al., 
1993; Desalle and Giddings, 1986; Karl and Avise 1992) however, the 
discordance reported in these cases show variability within the mtDNA 
with the allozyme frequencies remaining uniform across taxa. The 
explana.tion in these cases is either that balancing selection is acting on 
the allozyme loci, maintaining genetic uniformity between taxa, or that 
the mtDNA variability is due to historical events. 
Recent work by Ballard and Kreitman (1994) has provided evidence from 
Drosophila that in some cases, variability of the mtDNA may be 
influenced by natural selection which has important implications on the 
use of the mtDNA as a neutral marker. Their study showed that 
interpretations of mtDNA variability cannot discount such evolutionary 
forces as slightly deleterious of diversifying selection or parasite induced 
selective sweeps. A selective sweep is where a particular haplotype 
becomes fixed in the population. Due to the mtDNA being a linked 
entity, selection for any mutation would result in the fixation of the all 
the associated variants. Thus, a high level of variability may be indicative 
of diversifying selection and that a low level may also be indicative of 
selective forces. 
The explanation for the lack of mtDNA variability and discordance w ith 
the allozyme study in L. cuprina must take into account the factors 
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mentioned above. However, without discounting the effects of selective 
sweeps, it does appear recent historical events have played a major role in 
the uniformity of the mtDNA haplotype observed in Australia and, in 
particular, New Zealand. The lack of mtDNA variability in the New 
Zealand population can probably be attributed to the recent founder event 
which most likely involved a population bottleneck. Due to the maternal 
mode of inheritance, lack of recombination and smaller effective 
population size (1/4 of what is sampled with nuclear markers) the 
mitochondrial genome is more sensitive to bottleneck effects which may 
not be ~evere enough to effect the nuclear genome (Rozas et al. 1990). 
Also, the Australian samples showed a similar lack of mtDNA variability 
therefore, an explanation for the shared lack of variability between 
continents is that Australia is the source for the L. cuprina population in 
New Zealand. 
The Australian lack of variability is not as simple to explain. However, it 
is possible to invoke either historical founder events or selective sweeps 
of a favourable haplotype. L. cuprina colonised Australia in the late 1800's 
(Norris, 1991) with the possibility of a population size bottlenecks. Since 
then it has been subject to a variety of chemical control measures (ref. 
Chapter One, 1.5.2; Chapter 3, 1.3) with the likely result-of population 
bottlenecks occurring after each introduction of such chemicals. 
An example of a lack of variation of mtDNA following a known founder 
event has been observed in Australian populations of Drosophila 
buzzatii (Halliburton and Barker 1993) estimated to have arrived 56-62 
years ago. Evidence from allozyme (Barker et al. 1985) and chromosomal 
(Knibb et al. 1987) data in D. buzzatii are also congruent with the mtDNA 
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results and consistent with a founder event. In contrast, a more closely 
related species, the screwworm fly, Cochliomyia hominivorax, shows 
considerable intra-specific variability thoughout its range in Central 
America (Roehrdanz 1989). However this species is endemic to this 
region (Roehrdanz and Johnson 1988) and there have been no known 
founder events in its recent history. Although C. hominivorax is a pest 
and has been subject to autocidal control programs in southern United 
-
States and Mexico, South America harbours native populations of screw-
worm which have not been under such ~ontrot thus, mtDNA variability 
in this species has been maintained. 
Due to this lack of intra-specific variability, it is not possible to draw any 
conclusions on colonisation history within New Zealand based on this 
data set. However, this data set has indicated the possibility of the New 
Zealand population L. cuprina being derived from Australia, although it 
must be noted that an "out-group" population, which was different in 
terms of mtDNA variability, was not included. The only different 
patterns observed from the Blenheim and Trangie samples are perhaps 
due to the chance sampling of a rare haplotype which may not have been 
sampled elsewhere in this study, or, they are recently derived haplotypes 
within both the Australian and New Zealand populations. Therefore, 
despite the lack of intra- and inter-populational RFLP variation in the 
mtDNA of L. cuprina in both Australia and New Zealand, this genome 
may well be useful in answering questions relating to biogeographic 
ongIn. 
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CHAPTER SIX 
Establishing the origin of the New Zealand Population of 
Lucilia cuprina 
6.1 Introduction 
This chapter investigates the origin and time of arrival of L. cuprina in 
New Zealand. Two different approaches are used. Firstly, levels of RFLP-
variation in the region spanning the cytochrome oxidase (CO) I & II, and 
tRNA-leucine genes (CO - region) in the mtDNA are compared among 
specimens of L. cuprina collected from different sites. Secondly, levels of 
fluctuating asymmetry in the New Zealand population are determined 
and related to the presence of a fitness modifier gene which has been 
characterised in Australian populations. 
The CO - region of mtDNA has previously proven useful in determining 
the relationship between two closely related Northern Hemisphere 
blowfly species, Phaenicia (syn. Lucilia) sericata and Lucilia illustris , in a 
study by Sperling et al. (1994). This study used restriction site differences 
in the CO - region to distinguish between forensically important blowfly 
species. This region in other studies has also been shown to harbour 
relatively low levels of variation within populations of insect species 
(Simon, 1991) which is then amenable for phylog~netic analyses. Based 
on these studies it is proposed that the targeting of this specific region of 
the mtDNA may provide useful comparisons between L. cuprina from 
different localities. L. sericata was also included in this survey because, 
since this species is recognised as the sibling species to L. cuprina" 
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(Aubertin, 1931), it is obviously the most appropriate to use as an 
outgroup. 
In the Australian population of L. cuprina, a fitness modifier gene has 
been described which enables flies that are resistant to diazinon to be 
equal in fitness to those which are susceptible in the absence of the 
insecticide (McKenzie and Clarke, 1988). The association between 
fluctuating asymmetry and diazinon resistance status was described by 
Clarke and McKenzie (1987). Field samples collected in 1979 showed that 
the fitness of resistant individuals (both homozygote and heterozygote 
genotypes) was similar to that of susceptible individuals in the absence of 
diazinon. However, repeated backcrossing of heterozygotes to a 
susceptible laboratory strain progressively lowered the fitness of resistant 
genotypes (McKenzie et al. 1982). Later, it was shown that the fitness and 
asymmetry modifier was in fact a single gene, closely linked to the white 
eye (w) locus, on chromosome IIt and that changes in fluctuating 
asymmetry are directly indicative of changes of fitness (McKenzie and 
Game, 1987; McKenzie and Clarke, 1988). 
The widespread occurrence of insecticide resistance in New Zealand L. 
cuprina (Chapter Three) allows the opportunity to screen for such a 
fitness modifier in the New Zealand population. This can be achieved by 
scoring levels of fluctuating asymmetry in samples from a range of 
different sites. If these scores indicate a lack of asymmetry, a simple 
crossing experiment can be carried out to determine if the New Zealand 
population also possesses a modifier gene as found in Australia. 
Moreover, the case for homology would be supported if it could be shown 
that the putative New Zealand modifier is linked to the white eye (w) 
locus on chromosome III as in Australia . 
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6.2 Methods and Materials 
6.2.1 Strains used: 
Fly strains from New Zealand and Australia were collected as described in 
Chapter Two (2.2.1). 
The strains used for the RFLP study were from New Zealand (Blenheim, 
Wanganui, Levin, Dargaville and Kihikihi) and Australia (Cowra, 
Strathfieldsaye, Boorowa, Brisbane and Beverley). From each of these 
sites, 10 individuals were used. Strains were also collected from South 
Africa (provided by Dr Theunis van der Linde, University of the Orange 
Free State), Canada (provided by Dr Felix Sperling University of Ottawa), 
USA(provided by Dr J. P. Wells, Baton Rouge), and Malaysia (provided 
by Dr Rod Mahon, Institute Haiwan, Johor). In these cases, 20 individuals 
were used. The Lucilia sericata specimens from Australia were trapped in 
Canberra, ACT, using the method described in Chapter Two (2.2.2). 
Specimens from each country were identified to sub-specific level based 
on the key by Aubertin (1931). 
Strains used to investigate levels of fluctuating asymmetry were from 
Blenheim, Dargaville, Hastings, Kaikohe, Masterton and Wanganui. In 
addition two laboratory strains were used; white eyes (w) and the 
laboratory reference strain, SWT. 
6.2.2 peR przmers and conditions 
Primers used were designed by the Harrison Laboratory at Cornell 
University, Ithaca, USA and Felix Sperling at University of Ottawa, 
Canada. 
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The primer sequences were: 
K698 tRNA tyr 5' TAC AAT TTA TCG CCT AAA CTT CAG CC 3' 
Eva-H tRNA lys 5' GAG ACC ATT ACT TGC TTT CAG TCA TCT 3' 
Genomic DNA, extracted as described in Chapter Five (S.2.4), was used as 
template in a SOJlI PCR reaction, containing 100 pica-moles of each 
primer, 10mM Tris-CI (pH 8.3), l.5mM MgCI, SOmM KCI, 0.2mM of each 
dNTP and 2 units of Taq polymerase (Pharmacia). The reaction mix was 
then covered with a layer of light mineral oil. The thermal cycler used 
was a Corbett Research FTS-l. The template DNA concentrations for each 
sample were optimised depending on quality of genomic DNA extracted. 
The conditions used were as follows: 
Cycle 1: 94°C for S min, SOoC for 1 min, 72°C for 2.5 min 
Cycle 2-3S: 94°C for 1 min, SOoC for 1 min, 72°C for 1.5 min 
Cycle 36: 94°C for 1 min, SOoC for 1 min, 72°C for S min 
6.2 .3 Cloning and sequencing of PCR products 
The resultant PCR product was visualised by electrophoresis on 1-2% 
agarose gels run in TAE running buffer containing 121lg ethidium 
bromide/litre of TAE, to check for purity. The remaining product was 
chloroform extracted to remove the mineral oil, then precipitated in 2.S x 
vol. of ethanol and 1/10 vol. of SM NHiAc. A 20Jllligation reaction was 
set up over the precipitated PCR product which consisted of SOng of 
prepared vector, 2mM ATP, 2mM lOX ligase buffer and 1u of T4 ligase 
(Pharmacia). The vector used in the cloning procedure was the plasmid 
-
pBluescript SK- (Strate gene) which was specifically prepared for PCR 
products being EcoRV-cut and t-tailed (Marchuk et al. 1991). This mixture 
was incubated at 14°C overnight. Half of this ligation mix was 
transformed and plated as described in Chapter Five (S.2.3). Insert DNA 
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was sequenced into each end using the dye-labelled M13 forw ard and 
reverse primers (Applied Biosystems) according to the manufacturer's 
specifications. The reaction products were separated and analysed on an 
ABI 373a sequencing apparatus. 
6.2.4 Restriction enzyme digests 
5Jll of a 100Jll PCR reaction was used in a 20Jll digestion mix. Digest 
conditions followed those given in Chapter Five (5.2.4) . 
6.2.5 Sequence and RFLP analysis 
Sequence data were aligned to the orthologous mtDNA sequence from D. 
yakuba using the computer package "GCG" (Sequence analysis software 
package of the Genetics Computer Group, Version 6.0, February 1989, 
University of Wisconsin, Biotechnology Centre) 
RFLP data were analysed using PAUP 3.0 (Swofford, 1990), a program for 
inferring phylogenies from discrete-character data under the principle of 
maximum parsimony which searches for minimum length trees ie. those 
in which the least amount of evolutionary change is needed to explain 
the data. An exhaustive search was implemented to determine the most 
parsimonious tree on two data sets, one where characters were 
unweighted and another where characters were weighted using the Dollo 
'down' criterion ie. assuming it is easier to lose a restriction site than it is 
to gain one. L. sericata collected from Australia, South Africa, Canada and 
New Zealand was used as the outgroup to which the tree was rooted. 
Support for the groupings obtained was assessed from a consensus of 1000 
bootstrap runs. 
6. 2.6 Scoring fluctu ating asymmetry 
The characters examined were bristle counts from: 
1) along frontal head stripe 
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2) along a demarcated region of the outer wing margin 
3) along the ~+5 wing vein 
Mean asymmetry estimates were made using the absolute differences 
between left and right sides for each character. Similar patterns of 
variation were observed for each of the three characters, and so values 
were summed across characters for each individual. Clarke and McKenzie 
(1987) stated there was no evidence for directional asymmetry and similar 
values of asymmetry were found in each sex for each character. 
In this study, the level of fluctuating asymmetry was scored in 100 
females · from each site. 
6.2.7 Crossing experiment 
The experimental cross to determine if the 'same' modifier allele seen in 
the Australian population is also present in the New Zealand population 
of L. cuprina is detailed below. Two strains that were chosen in this 
experiment were Blenheim and Wanganui. The white eye (w) marker 
maps to chromosome III (where the modifier has also been mapped) and 
Rop-1 maps to chromosome IV (Foster et al. 1981). The asymmetry score 
of the w strain is shown in Table 6.3. 
Step 1 +; Rop-1 X w , + 
+ Rop-1 (NZ strains) w + (Lab strain) 
(100 females) (100 males) 
wild type; OP resistant white eyes; OP susceptible 
This results in the F1 's being heterozygous for both the wand Rop-1 
alleles. The F1's are then back-crossed again to w. 
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Step 2 JQ; Rop-1 x W , + 
+ + w + 
(100 females) (100 males) 
wild type; resistant white eyes; susceptible 
This results in all the possible phenotypic combinations being produced. 
Step 3 Resultant progeny from step 2 were then screened for Rop-1 
using a discriminating dose of 0.02% diazinon, t}1e method for which is 
described in Chapter Three (3.2.2.1). This resulted in only Rop-1 carrying 
individuals surviving for which the genotypes and phenotypes are: 
a) w ; Rop-1 b) W ; Rop-1 
+ + w + 
wild type; OP resistant white eyes; OP resistant 
A total of 100 flies from each of these two classes were then scored for 
fluctuating asymmetry. 
6.3 Results 
6.3.1 RFLP Data 
A fragment of approximately 2.3 kb was consistently amplified. This 
fragment was identified as the CO - region following end-sequencing and 
alignment with the D. yakuba sequence. 
Ten restriction enzymes were identified which cleaved this region and 
showed site polymorphism between the different samples. Of the 10 
enzymes two, AccI and TaqI were found to possess two polymorphic sites. 
Restriction sites were which gave the same sized bands were assumed 
homologous. Table 6.1 gives the fragment sizes observed for each 
restriction enzyme when the site scored was present or absent. These sizes 
EcoRV digest. Lanes 
l&lllkb ladder. Lanes: (2) 
NZ L.c. (3) Aus L.c. (4) S.A. 
L.c. (5) USA L.p. (6) Mal L.c.c 
(7) NZ L.s. (8) Aus L.s. (9) 
S.A. L.s. (10) Can. P. s. 
Rsa I digest. Lanes 
1&11 lkb ladder. Lanes: 
(2)Mal L.c.c (3) USA L.p . (4) 
S.A L.c. (5) Aus L.c. (6) NZ 
L.c. (7) NZ L.s. (8) Aus L.s. 
(9) S.A. L.s. (10) Can. P. s. 
Dde I digest. Lanes 
1&10 lkb ladder. Lanes: 
(2)Aus L.c. (3) NZ L.c. 
(4) Mal L.c.c. (5) Aus L.c 
(6) USA L.p.L.c. (7) NZ L.s. 
(8) S.A. L.s. (9) Can. P. s. 
Fig. 6.1. R tricti n nzym digests of the region spanning the 
Cyt chrom Oxida I & II genes f th mitochondrial DNA from Lucilia 
cllprina and L. sericata fr m various localities. 
I· 
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Estim.ated restriction fragment sizes (kb) 
Restriction Restriction site absent Restriction site present 
enzyme 
Rsal 1.6, 1.0 1.0, 8.5, 0.75 
AccI (1) 2.6 1.35,1.25 
AccI (2) 2.6 or 1.35, 1.25 2.4,0.2 or 1.35, 1.0, 0.2 
SspI 1.35,0.65,0.6 1.1,0.65,0.6,0.25 
TaqI (1) 1.4,0.5, 0.5,0.2 1.3, 0.5,0.5,0.2,0.1 
TaqI (2) 1.4,0.55,0.45,0.2 1.4, 0.55,0.3,0.2,0.15 
BanII 1.8, 0.6, 0.2 1.5,0.65,0.25,0.2 
Hinfl 1.2,0.9,0.5, 0.5 1.2,0.9,0.5,0.3,0.2 
Sau3AI 1.1, 0.8, 0.6, 0.1 1.1,0.6,0.45,0.35,0.1 
Bell 1.0,0.75, 0.55, 0.2 1.0, 0.55, 0.45, 0.3, 0.2 
DdeI 1.4,1.2 1.4, 1.1,0.1 
EcoRV 2.6 1.4,1.2 
Table 6.1. Estimated restriction fragment sizes of the CO - region of the 
mtDNA observed for each restriction enzyme used. All fragments observed 
for each restriction pattern are shown and are estimated to the nearest 0.05kb. 
Enzyme L.cuprina. L.cuprina L.cuprina L.cuprina L.pall . L.cuprina L.sericata 
.Z. Aust Aust.WA S.A. U.S . Malaysia N.Z. 
Rsa I + + + + 
AccIl + + + + 
AccI 2 
Ssp I + + + 
Tag I 1 + 
Tag I 2 + + + + + 
Ban IT + 
Hinf I 
Sau 3AI + + + + + + 
Bel I + + + + + + 
Dde I + + + + + + 
EcoRV + 
L.sericata L.sericata P.sericata 
Aust. S.A. Canada 
+ + + 
+ + 
+ + 
+ + + 
+ + 
+ + 
+ + + 
+ + + 
+ + + 
+ + + 
Table 6.2. Restriction site patterns obtained from L. cuprina and L. sericata from different localities. 
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L. cuprina New Zealand 
45 
L · cuprina Australia 
26 
L · cuprina Western Australia 
- L 
· cuprina Malaysia 
45 
T 
· cuprina South Africa 
36 
L · palliscens United States 
L · sericata Australia 
L · sericata New Zealand 
26 
L · sericata South Africa 
98 
P. sericata Canada 
Figure 6.2. A strict consensus tree using P AUP to compare relationships 
between L. cuprina from different regions based on CO - region RFLP data. 
The tree is outgroup rooted with L. sericata. Bootstrap values are given at the 
nodes. 
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are estimated to the nearest 50 base pairs using the computer program Gel 
Fragment Sizer version 1.4 (D.G.Gilbert, dogStar Software, Indiana). 
The restriction site patterns obtained for each enzyme for each sample site 
are given in Table 6.2. No polymorphism was found from samples 
within each country except for Australia where a Ban II site was lost in 
the Western Australian sample. Figure 6.1 shows the restriction site 
patterns resolved with EcoRV, RsaI, and DdeI. EcoRV delineates L. 
cuprina from the different localities from L. sericata. RsaI delineates L. 
cuprina from Malaysia, South Africa, and United States from the rest. 
The DdeI digest shows the loss of a site in the New Zealand population. 
Phylogenetic analysis of the RFLP data set showed that using either 
unweighted or weighted data sets, the same three trees were resolved 
following an exhaustive search. From these trees a strict consensus tree 
was constructed which is shown in Figure 6.2. This tree shows that L. 
cuprina from Malaysia, South Africa and United States are distinguished 
from New Zealand and Australia, which in turn are most closely 
associated with each other. However, the bootstrap values do not give 
high support for many of these nodes. 
6.3.2 Fluctuating asymmetry 
Asymmetry scores from samples collected from Blenheim, Dargaville, 
Hastings, Kaikohe, Masterton, Wanganui and scores from SWT, and the 
phenotypic classes resulting from step 3 of the crossing experiment are 
shown in Table 6.3. No significant difference in asymmetry was observed 
between the New Zealand strains and between the New Zealand strains 
and SWT, the laboratory reference strain known to have a low 
asymmetry score. This then implies that the New Zealand strains did 
possess a fitness modifier. 
j -
I 
I 
~ 
II 
I, 
li I~ 
!-1 
II 
li Ii 
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The results from the crossing experiment using both Wanganui and 
Blenheim strains showed that the wild type I organo-phosphate resistant 
phenotypic class had a consistently and significantly lower asymmetry 
score than the white eye/organo-phosphate class. 
Strains 
Blenheim 
Dargaville 
Hastings 
Kaikohe 
Masterton 
w 
Wanganui wi + ; Rop-1 I + 
wlw; Rop-11 + 
Blenheim w l +; Rop-l1 + 
wlw; Rop-l1 + 
SWT 
Rop-l / Rop-l Australia (from 
Clarke and McKenzie, 1987) 
Mean asymmetry 
1.82 + 0.05 
1.88 + 0.07 
1.84 + 0.06 
1.85 + 0.07 
1.83 + 0.05 
2.03 + 0.18 
1.87 + 0.07 
3.24 + 0.08 
1.82 + 0.06 
3.18 + 0.05 
1.88 + 0.06 
1.92 + 0.07 
Table 6.3. Mean asymmetry scores from both samples collected 
throughout New Zealand, laboratory strains, and progeny from crossing 
experiment. 
6.4 Discussion 
The phylogenetic analysis of the CO-region RFLP data indicates that the 
New Zealand populations of L. cuprina are most closely associated with L. 
cuprina from Australia . It must be noted that although phylogenetic 
...... 
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analysis was used, the aim of this study was to determine the relationship 
of the New Zealand population to those which were obtained from other 
regions and not to construct a phylogeny or infer an evolutionary history. 
In order to accurately infer phylogeny, multiple representatives of each 
clade would be needed which was not possible in this study. Taking this 
into account, an interesting outcome did occur whereby a close 
association was resolved between L. cuprina from Malaysia, South Africa, 
and the United States. The sample from Malaysia was identified as the 
subspecies L. cuprina cuprina and the sample from the United States was 
assumed also to be synonymous with L. cuprina cuprina due to its 
documented range being the New World as well as Asia (Norris, 1991). 
The material in this case was alcohol preserved therefore it was difficult 
to key out the subspecies with any accuracy given that the distinguishing 
characters generally involve coloration. Alternatively, the South African 
material has always been considered as L. cuprina dorsalis (Waterhouse 
and Paramonov, 1950) although again formal identification could not be 
accurately made. The mtDNA suggests that the three samples shared a 
common origin and then, since their separation, certain morphological 
characters have diverged. This difference from the Australian and New 
Zealand samples is in contrast to the hypothesis that South Africa was the 
source for the Australian population (Norris, 1991). However, a more 
extensive phylogenetic study would need to be carried out to resolve such 
evolutionary relationships, perhaps using sequence information in order 
to resolve a greater number of characters. 
The fluctuating asymmetry results showed that the sites from New 
Zealand had a comparable asymmetry score to the laboratory reference 
strain SWT which is known to have the fitness modifier present. Also, 
SWT has a lower asymmetry score than samples which are known to not 
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possess the fitness modifier from a previous study (Clarke and McKenzie, 
1987). This, then, suggests the presence of a fitness modifier in the New 
Zealand population. The results of the crossing experiment showed that 
flies which were w heterozygotes/Rop-1 heterozygotes had a lower 
asymmetry score than those which were w homozygote/ Rop-1 
heterozygotes, which indicates that the New Zealand fitness modifier 
locus is closely linked with w. If this were not the case the expected 
outcome instead would have been equal levels of symmetry and 
asymmetry in each of the phenotypic classes without the correlation with 
w. This is evidence that the same locus is responsible in both countries in 
possessIng a gene that acts as a fitness modifier. 
6.5 Summary 
This chapter provides evidence from two different sources that does not 
conflict with the hypothesised origin of the New Zealand population of L. 
cuprina is Australia. The RFLP data from the CO-region show a 
relationship between Australia and New Zealand samples. The 
fluctuating asymmetry investigations show New Zealand does possess a 
fitness modifier which is most likely the same gene as Australia, 
although further molecular data would be required to fully confirm this. 
However, the RFLP data did not show a significant relationship between 
Australia and New Zealand which indicates more data needs to be 
collected. Also, it was not shown that the fitness modifier is indeed 
taxonomically informative ie. whether the fitness modifier is present in 
L. cuprina from other continents. 
I: 
10 
General Discussion 98 
CHAPTER SEVEN 
General Discussion 
The preceding data chapters have addressed the_insecticide resistance 
status, population genetics, and mitochondrial DNA variability in L. 
cuprina in the context of the recent colonisation of New Zealand. The 
likely source of the New Zealand population was also investigated. This 
final chapter is a synopsis of these findings. 
7.1 Summary and Conclusions 
The data presented and discussed have shown that the colonisation of 
New Zealand by L. cuprina has been complex. Instead of a single 
introduction with limited numbers of colonisers it appears that either 
large or multiple introductions from a variety of sources has occurred. It 
is also difficult from these data to precisely pinpoint the time of arrival of 
L. cuprina into New Zealand although an approximation can be made 
from a synthesis of all available data. 
A number of lines of evidence support and Australian source for the 
New Zealand population: 
1) Insecticide resistance: The data presented in Chapter Three is consistent 
with the resistance allele being present in the founding population(s). 
However, the initial frequency of that allele is unclear from these results. 
Ii 
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This conclusion is based on the same association between E3-non-
staining and organophosphate resistance in both Australia and New 
Zealand. This is evidence that the same gene conferring resistance in 
Australia exists in New Zealand. Preliminary sequence data from a 
separate study indicate the same putative Rop-l mutation could in fact be 
responsible (R. Newcomb pers. comm). However, it remains to be seen 
whether the same resistance allele is involved. 
It has been demonstrated that resistance to OP-based insecticides is 
present in the field at a high level in New Zealand and most probably is 
fixed. This is a similar situation to that in Australia where the frequency 
of the OP-resistant allele in 1980 was 97% in sheep farming regions 
(Hughes 1985, Levot pers. comm.). However, this is not necessarily a true 
reflection on the situation within Australia as flies from urban regions, 
not under the same selection pressures, may well harbour susceptible 
alleles at high frequencies. Although L. cuprina is not often observed as 
an urban fly, the sample from Brisbane was derived from an urban 
environment and in a preliminary study, 30 individuals from this 
Brisbane site were assayed for the E3 staining/non-staining profile, of 
which 26 were found to possess E3-staining alleles. Although this is only 
from one collection point, it serves to demonstrate that E3-staining alleles 
are still present at high frequency in some areas within Australia. 
2) Allelic diversity: It was shown in Chapter Four that the New Zealand 
population possesses high levels of allelic diversity, particularly in the 
North Island. This suggests that the colonising population shared at least 
an equivalent level of allelic diversity to the present observed levels at 
these loci, or introductions were from several sources. The alternative 
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possibility that the diversity in New Zealand has arisen through 
subsequent mutation is unlikely given the presumptively short history of 
the species in that country. Also, virtually all of the alleles observed in 
New Zealand are also found in Australia, with the exception of only one 
allele, observed in five sites and at low frequency. 
3) Mitochondrial DNA: Data from Chapters Five and Six show a shared 
lack of overall mtDNA RFLP intra-populational variability and 
restriction site patterns of the CO-region of the mtDNA in both Australia 
and New Zealand samples, with the exceptions being the loss of three 
sites in New Zealand samples. 
4) Fitness modifier: Data presented in Chapter Six showed a lack of 
asymmetry occurred in the New Zealand population, which is indicative 
of the presence of a fitness modifier. This fitness modifier in turn was 
shown to be linked to the w locus as has been reported for Australian 
populations. 
Although all lines of evidence are consistent with the New Zealand 
population of L. cuprina being derived from an Australian source, this 
was unable to be definitively shown. Isozyme data was unable to be 
obtained from L. cuprina from other regions due to the unavailability of 
collections suitable for such a study. Equally, an extensive survey of the 
overall mtDNA variability was unable to be carried out for the same 
reasons. Also, the presence of a fitness modifier was not able to be 
investigated in other sources of L. cuprina. These factors must be 
considered when drawing any conclusions from this study. 
... 
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The exact time of arrival of L. cuprina in New Zealand is difficult to 
establish, however assumptions can be made based on circumstantial 
evidence. The earliest formal identification of L. cuprina obtained from 
preserved larval voucher specimens from the Hawkes Bay region is 1984 
(Bishop, 1993). However, the voucher specimens only date back as far as 
1984 and, in 1984 only material from the Hawkes Bay region was retained. 
In the voucher specimens from 1986, L. cuprina was identified in regions 
throughout the North Island. The widespread occurrence of L. cuprina 
from flystrike samples suggests a population that has been established for 
a sufficiently long time in order to attract the attention of farmers. Thus 
all evidence seems to points to the arrival of L. cuprina in the late 1970's. 
Coincidentally, at this time there was high incidence of goat imports to 
New Zealand from a variety of sources in Australia without any 
quarantine procedures being put in place (A. Heath pers. comm). Coupled 
with the tendency of goats to be flystruck in their feet the introduction of 
L. cuprina may well have gone unnoticed. 
Chapter Four describes comparisons between the population genetics of 
L. cuprina within Australia to that of New Zealand in order to describe 
the effects colonisation has had in terms of genetic variability and 
population structure. It appears from this study that many factors have 
contributed to this colonisation pattern and the complex combinations of 
climate, geography, habitat continuity and sheep movement cannot be 
ignored. As with other colonisation studies (summarised in Table 1.1) 
such environmental influences faced in the new range cannot be 
predicted nor modelled. The case of a recent coloniser of the United 
States, the mosquito Aedes albopictus (Black et al. 1988 a,b , 1990), 
illustrates this point in that the most influential factor shaping genetic 
General Discussion 102 
differentiation of populations is the distribution and structuring of 
suitable breeding habitats. In the initial study (Black et al. 1988 a,b) it was 
assumed that the population structuring observed in the United States 
can directly be attributed to the founder events associated with the 
colonisation process. However, a later study (Black et al. 1990), compared 
the population structure of A. albopictus in the United States to that of A. 
albopictus populations in its native range, Malaysia. In this study, a 
similar pattern of population differentiation to t11at observed in the 
United States was shown. This example shows clearly that without 
comparisons of a species within its native range, assumptions regarding 
the genetic effects following colonisation cannot be made. Also, if the 
biology of the species in question in its native range is not fully 
understood, it is difficult to predict what environmental factors are likely 
to be influential. 
Fortunately, in the case of L. cuprina, numerous studies have 
investigated ecological and environmental factors which have a direct 
effect on the distribution and abundance of this species in the field 
(Wardhaugh et al. 1984; Foster et al. 1975; Nicholson, 1934; Vogt and 
Woodburn, 1979, Waterhouse and Paramonov, 1950). This has allowed 
greater understanding of the processes which may have been influential 
in shaping the colonisation patterns in New Zealand. For example, it has 
been shown that L. cuprina has a tendency to remain within only 1-2km 
of the emergence site if there is a favourable habitat in the immediate 
vicinity ie. the presence of sheep (Foster et al. 1975, Wardhaugh et al. 
1984). Even then, the distribution may be highly clumped within the 
sheep paddock itself. Therefore, it is difficult to envisage how the high 
and moderate levels of gene flow observed in regions of Australia and 
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the North Island of New Zealand can be attributed to the natural 
migration and dispersal of this species. In Australia the genetic 
homogeneity observed throughout the sheep farming regions may reflect 
environmental homogeneity, especially in relation to climate, coupled 
with sheep movement. Sheep movement is a likely source of population 
mixing, as sheep are often transported long distances either to abattoirs or 
to and from saleyards. Also, there is a tendency in Australia for sheep to 
be moved extensive distances when drought conditions prevail. 
Similarly, the patterns of high to moderate levels of gene flow in the 
North Island of New Zealand may be partially attributed to sheep 
movement. 
The situation observed in the North Island is contrasted by the low 
levels of gene flow which were shown between sites in the recently 
colonised South Island. This region is also well documented in terms of 
its colonisation history which only dates from 1990-91 (Bishop et al. 1991 ). 
Therefore it may be that ' one of the main contributors to these low levels 
of gene flow, and high levels of population sub-structuring, is recent 
colonisation with associated founder events. It also appears that 
subsequent founder events are continually occurring between seasons, 
with evidence from the temporal discontinuity observed between 
Blenheim collections. The most likely explanation for such discontinuity 
is a reduced over-wintering ability of L. cuprina in cold climates. This has 
been discussed in Chapter Four (4.4). This is further testament to the 
necessity for baseline population biology knowledge prior to 
interpretations of patterns generated by population genetic data. Both the 
effects of recent colonisation and repeated temporal bottlenecks would 
-
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result in the conditions necessary for a population to display the 
variation and diversity patterns associated with a founder effect. 
7.2 Applied Aspects 
Although an applied angle has not been the focus of this thesis, the 
potential these data have in assisting in the control of this agricultural 
pest will briefly be discussed. 
Firstly, the quantification of the resistance status and frequency of alleles 
conferring resistance to the most commonly used organophosphate 
compound, diazinon, provide farmers with vital information. Farmers 
in New Zealand have traditionally used diazinon based formulations 
successfully in controlling the previous primary strike species, L. sericata 
and Calliphora stygia. Firstly, farmers need to monitor the prevalence of 
L. cuprina in strikes of their own flock in order to decide whether 
diazinon based formulations should be used. If L. cuprina is found to be 
present, the option of using alternative chemical compounds known to 
be effective (eg. cyromazine, Hart et al., 1982) can then be considered. 
Furthermore, the application of non-chemical approaches to controlling 
L. cuprina can be assessed. Such approaches are usually low cost and 
"environmentally friendly", an important consideration in today' s sheep 
farming industry. This is especially important given the wool corporation 
in New Zealand, Wools of New Zealand, has expressed the wish for 
levels of organophosphate residues to be halved in greasy wool exported 
General Discussion 105 
from New Zealand (Wools of New Zealand Wool Report, March 1994). 
The use of these alternative measures in conjunction with limited 
insecticide use can reduce the likelihood of resistance arising rapidly, thus 
extending the life of presently used effective chemicals. Non-chemical 
measures include large scale trapping, biological control with parasites or 
micro-organisms (ie. bacteria, viruses, protozoans), and sterile releases 
(either irradiated or genetically .modified ego Foster et aI. (1978 & 1980)). 
Such measures will require knowledge of population structuring within 
regions in order to design realistic and effective integrated control 
programs. 
Estimates of gene flow between insect pest populations have been used 
for a number of species in order to characterise population structure ego 
cotton bud worms Heliothis amigera, H. punctigera (Daly and Gregg, 
1985), the gypsy moth, Lymantria dispar (Harrison et aI. 1983), the 
colorado potato beetle, Leptinotarsa decemIineata (Jacobson and Hsaio, 
1983), and the white cabbage butterfly, Peries rapae (Pashley et al. 1985) to 
name a few. Knowledge of population structure at the micro-spatial 
(intra-regional) and macro-spatial (inter-regional) levels can allow 
understanding of the processes resulting in the observed population 
structure. On the basis of the contradictory conclusions drawn from field 
examination of natural migration rates of L cuprina and gene flow 
estimates from this study, it is almost certain that sheep movement 
rather than fly migration plays the major role in the movement of L. 
cuprina within both Australia and New Zealand. ~his could be further 
tested using mark-recapture to investigate the levels of natural migration 
within and between sites. If sheep movement seems the most likely 
source for fly dispersal then tighter controls must be placed on the 
, 
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movement of infected sheep in order for localised control measures to 
become effective. Subsequent monitoring of population structure can 
then be carried out to evaluate the efficacy of these measures. This would 
allow necessary changes in control strategies to be implemented early 
enough to maintain the suppression of flystrike. 
7.3 Future Work 
As mentioned earlier in this chapter, this study would be greatly 
enhanced by further investigations of L. cuprina from other sources. To 
definitively prove the source of the New Zealand L. cuprina population, 
extensive isozyme electrophoresis and mtDNA studies need to be 
implemented using collections from as many different sources as 
possible. A larger survey of this type would provide insight into the 
migration and dispersal of this species worldwide. Work is currently in 
progress investigating the molecular basis of insecticide resistance in this 
species. This study will determine whether the same allele has been 
responsible for conferring general OP resistance (ie. whether the 
resistance allele has migrated around the world as seen in Culex pipiens 
sub-species quinquefasciatus (Raymond et al. 1991)) or whether resistance 
has evolved independently in each case (pers. comm. R. Newcomb). The 
results from this study will provide valuable data in determining the 
colonisation patterns of L. cuprina worldwide. 
Comparison of both nuclear and mtDNA variability of L. cuprina in its 
native range to the Australian and New Zealand populations would be 
f' 
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extremely useful. The hypothesised original source of L. cuprina is 
Ethiopia (Aubertin, 1931) where this species is not a controlled 
agricultural pest. Thus, unlike Australia and New Zealand, the effects of 
population bottlenecks on genetic variability of the mitochondrial 
genome, resulting from either colonisation and/or pest control, should 
not have occurred in its history. Also, if Africa is indeed the original 
source then most of genetic variation in both genomes may be harboured 
here, which was the case with studies on Drosophila melanogaster 
(Begun and Aquadro, 1993). Comparison of variability may provide data 
for determining the exact nature of the genetic changes which have 
occurred since the colonisation of both Australia and New Zealand, and 
whether historical bottlenecks are indeed the cause of lack of variability 
in the mitochondrial genome. 
Another study which would provide further interesting data would be a 
parallel study involving the sibling species L. sericata. This species has 
not been subject to the same intensive pest control as it has been shown 
to occur in other habi ta ts wi thin New Zealand other than sheep, and in 
Australia it is primarily an urban species. Furthermore, L. sericata has a 
longer colonisation history in New Zealand ( >100 yrs ). A preliminary 
investigation of the levels of mtDNA variability in this species, during 
the course of this study, indicates the possibility variability being high in 
comparison to L. cuprina. Only four individuals from one site within 
Australia were examined. A total of five restriction enzymes were used to 
cleave the mtDNA with four different haplotypes being observed. A 
more extensive study would enable comparisons of the levels of mtDNA 
variability between the two Lucilia species given their different 
colonisation histories and severity as a pest. 
... 
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The population genetic and mitochondrial DNA data presented in this 
thesis offer an excellent basis for future studies of the population genetics 
within New Zealand. To fully ascertain the effects this colonisation event 
will have on the long term genetic structure of the L. cuprina population 
in New Zealand, future sampling from the sites used in this study should 
be carried out. This would determine whether, over time, the South 
Island population structuring begins to resemble that of the North Island. 
The other possible scenario is that the population structuring pattern will 
remain .highly differentiated, with genetic drift negating the 
homogenising effects of migration. This outcome is highly possible given 
the indications that L. cuprina may indeed be at the edge of its 
physiological tolerance in the South Island, perhaps resulting in these 
sub-populations being maintained at a reduced size. This implies that 
both selection and drift will be acting on the genetic make-up of the 
South Island population. If this is the case it would then be of interest to 
monitor the South Island L. cuprina in perhaps another 10 years time, 
with respect to the allopatric speciation models reviewed in Chapter One. 
Such interactions of drift and selection have been proposed as the 
possible triggers needed for the radical transitions to new adaptive 
complexes, unable to be achieved by selection acting alone in a large 
population (Wright, 1931, 1932). 
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Ab breviations 
Amp 
AIP 
CAP 
a 
CsCl 
EDTA 
ampicillin 
adenosine - triphosphate 
calf alkaline phosphatase 
chloroform/ isoamyl-alcohol extraction 
caesium chloride 
eth y lenediaminetetracetic acid 
isopropy 1 thio-B-D-galactoside 
130 
IPTG 
PO 
SSC 
SDS 
phenol/ chloroform/isoamyl-alcohol extraction 
sodium chloride/sodium citrate solution (ref. Appendix 1.) 
sodium doecyl sulphate 
sucrose/ThE buffer for mtDNA extractions (ref. Appendix 1.) STES buffer 
TAE buffer 
TE 
ThE buffer 
xGal 
Appendix 
STES buffer 
tris-acetate-EDTA gel running buffer (ref. Appendix 1.) 
tris-EDTA (ref. Appendix 1) 
tris-EDTA used for mtDNA extractions (ref. Appendix 1.) 
S-bromo-4 chloro-3-indolyl-B-D-galactoside 
Mix 1 part I.5M sucrose in ThE with S parts 
10mM Tris, 100mM EDIA, 10mM NaCt pH 7.5. 
TE buffer 
10mM Tris 
ImM EDTA, pH 7.S. 
ThE buffer 
10mM Tris 
100mM EDTA, pH 7.S. 
T AE, lOX buffer 
4M Tris 
O.OSM sodium acetate 
O.OIM disodium EDTA, pH 8.2 
20X sse 
17S.3g NaCl 
88.2g NaCitrate, pH 7.0 
